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I. INTRODUCTION 
A. Rationale for Investigation 
A wide variety of Industries use coiled tube heat exchangers 
for the heating and cooling of liquids and gases; both helically 
and spirally coiled tubes are utilized for single-phase, evaporating, 
and condensing flows. The chemical process industry employs coils 
in chemical reactors, agitated vessels, and storage tanks; the 
nuclear Industry uses helically coiled tube heat exchangers in 
some steam generators; a major firm in the automobile Industry Is 
investigating the possibility of using a spirally coiled heat 
exchanger in the steam generator for a Rankine-cycle-powered car. 
In another new application, a coiled tube has been proposed for use 
as the receiver of a concentratlng-type solar collector in a large-
scale power generation system. 
Some of the principal advantages of colled tube heat exchangers 
as compared to straight tube heat exchangers are: improved heat 
transfer characteristics, a more compact heat exchanger, and freedom 
from thermal deformation. But, as with most devices, the advantages 
are tempered by disadvantages. For colled tube heat exchangers the 
disadvantages Include an Increase in pressure drop. Increased fabri­
cation difficulties due to the more complex arrangement, and increased 
inspection difficulties. 
When weighed against one another, the advantages tend to over­
come the disadvantages. Because of that, research into the many 
2 
facets of coiled tube heat transfer is necessary so that the 
benefits and limitations of this technique of attaining compact­
ness and heat transfer augmentation can be adequately defined. 
A considerable amount of research in the area of laminar and 
turbulent single-phase flow has been performed. Aspects of this 
research include fluid dynamics, heat transfer, pressure drop, and 
axial dispersion. Various fluids and boundary conditions have been 
studied. Much less work has been done with adiabatic or diabatic 
two-phase, one-or two-component flows. Some of the areas of 
boiling two-phase flow which have been studied are flow structure, 
pressure drop, heat transfer coefficients, and critical heat flux 
(CHF)l. 
One of the most important differences in the flow in a coiled 
tube compared to that in a straight tube is the formation of a 
secondary flow - a pair of generally symmetrical vortices - super­
imposed on the main flow (See Fig. 1.1). These vortices arise 
due to the centrifugal force, which occurs because of the coil 
geometry, exerted upon the fluid. This secondary flow has been found 
to exist in both single- and two-phase flows. Differences in the 
The transition from highly efficient nucleate boiling or 
forced convection vaporization heat transfer to inefficient vapor-
dominated heat transfer occurs at the CHF condition. The phrase 
"departure from nucleate boiling (DNB)" describes this transition in 
subcooled and low-quality boiling. For the quality region "dryout," 
implying the evaporation or breaking up of the liquid film on the 
wall in annular flow, describes this transition. Burnout (BO) 
will be used when the actual physical destruction of the test 
section occurs due to DNB or dryout. 
3 
heat transfer and fluid flow characteristics between coils and 
straight tubes can be directly attributed to this phenomenon. 
Coiled tube CHF data generally exhibit the beneficial effects 
of the secondary circulation; it is this two-phase-flow phenomenon 
which will be emphasized in this study. Some findings of previous 
investigations are: CHF in coiled tubes occurs at different vapor 
qualities at different circumferential locations, whereas for 
straight tubes CHF is not dependent on location; coiled tubes 
have higher average CHF vapor qualities than do straight tubes; 
and surface temperature fluctuations are much lower during the 
transition from nucleate to film boiling in all quality ranges. 
0° I  
AXIS OF 
HELIX 
CONCAVE CONVEX 
270" 
IDEALIZED 
SECONDARY 
FLOW PATTERN 
180 
# INDICATES THERMOCOUPLE ATTACHMENT 
Fig. 1.1. Schematic of secondary flow in helically-coiled tube 
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Most of the CHF studies have been performed vjith electrically 
heated tubes. When the coil is being formed, the tube wall deforms 
so that a nonuniform heat flux distribution occurs around the 
circumference of the tube. The nonunifomnity is not large 
is generally less than about 1.4) with the highest flux occuring 
at the convex surface of the tube. 
As mentioned above, a coiled tube is to be used as the receiver 
for a solar energy collector, the Crosbyton (Texas) System [1], 
For this system the highest heat flux is at the concave side 
of the tube; this flux distribution would be much more nonuniform 
than those previously studied and more importantly, it would be the 
reverse of that observed with electrically heated test sections. 
To apply data from investigations where the circumferential heat 
flux distribution is the reverse of what it would be in this situation 
would be very questionable. The complex nature of two-phase flow 
in coils in general, as complicated by a highly nonuniform circum­
ferential heat flux distribution, would make a priori predictions 
extremely difficult. 
B. Scope of Investigation 
This study was initiated in order to determine the effects of 
a nonuniform circumferential heat flux distribution,with the 
highest heat flux at the concave surface, on CHF in flow boiling heat 
transfer in a helically coiled tube. While one particular applica­
5 
tion of the results could be to the Crosbyton System, there are 
other applications relative to two-fluid heat exchangers used in 
industry. Nonuniformities in the heat flux distribution can 
arise due to the fluid flow path outside of the coil. Localized 
hot spots might also occur due to flow obstructions. A study with 
a nonuniform heat flux distribution of the type mentioned will 
provide new insights into the phenomenon of boiling in a helically 
coiled tube, thereby adding to the general knowledge of flow 
boiling heat transfer. 
Two literature surveys were undertaken: 1) to identify those 
parameters which affect single- and two-phase heat transfer in 
coils, and 2) to identify the characteristics of single- and two-
phase heat transfer in straight tubes with nonuniform circumferential 
heat flux distributions. Information from these two surveys should 
help in the formulation of a model which explains the phenomena 
observed in this study. Among the more important parameters indi­
cated for boiling in coils are mass velocity, quality, pressure level, 
and the ratio of tube diameter to coil diameter. For the nonuniform 
heat flux case, an additional parameter is the ratio of the maximum 
to the average heat flux. 
Accordingly, the main emphasis of this research was directed 
toward determining CHF at various combinations of mass velocity and 
quality. Several pairs of coiled tube test sections were investigated. 
One member of each pair was a plain coiled tube with a minimal heat 
6 
flux nonuniformity; the other coll was plated over half of its 
perimeter so that a noouniform heat flux distribution could be 
obtained. The plain coiled tube tests were necessary for comparison, 
as were tests with straight, uniformly heated test sections. Secondary 
data from the tests are heat transfer coefficients and pressure drop 
data. Because of the large number of tests required if a wide range 
of the variables is investigated, only one pressure level was used 
so that the mass velocity and quality effects could be studied more 
extensively. 
Since the power requirements for high pressure water are large 
for the mass velocity and quality range to be investigated, and much 
heavier and more expensive equipment is needed when working at high 
pressures, it was decided that a modeling fluid would be used to 
reduce both the power and pressure levels of the experiment. A 
R—113, was chosen since, on the basis of scaling 
laws suggested by Barnett [2], 1000 psia water can be modeled by 
137 psia R-113, with the CHF for R-113 being only one twenty-
fifth that of water. Also, the fluid has a normal boiling point of 
117°F so that there are few difficulties with storage and handling. 
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II. LITERATURE REVIEW 
A. Heat Transfer in Helical Colls 
Numerous Investigations of heat and mass transfer, pressure drop 
and friction factor, and fluid flow patterns Inside curvilinear channels 
have been reported In the literature. One of the earliest reported 
fluid flow studies was In 1876 by Thomson [3] who Investigated the effect 
of the bends In a river channel on the erosion of the banks and related 
this to flow In bends of pipes. For heat transfer In a helical coll, 
the first paper was by Rlchter [4] In 1919 who dealt with the cooling of 
acid liquors. Since these modest beginnings, a large body of curved 
channel Information has accumulated for a variety of fluids and fluid 
conditions. Both experimental and numerical programs have been developed 
to Investigate these conditions. Some of the topics which have been 
investigated are: single phase, laminar and turbulent flows; two-phase, 
one- and two-component flow, with and without boiling; flow at supercrit­
ical pressure; Prandtl number dependence of heat transfer; Newtonian and 
non-Newtonian flow; mass transfer and dispersive flows; and flow structure 
through flow visualization. Likewise, a large variety of geometries has 
been studied: helical coils with circular, elliptical, and rectangular 
cross-sections, many types of spirals, and, of course, a large range 
of tube and coll diameters. Of all the aspects of this research, laminar 
flow papers comprise the largest group, with considerably fewer two-
phase papers. While two-phase flow is the chief concern of this research, 
the single-phase literature was also reviewed to see what has been done in 
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the field. This was necessary to gain background knowledge for the physi­
cal interpretation of the data and to be able to compare the present 
single-phase heat transfer with some accepted correlations as a means of 
verifying the experimental procedure and apparatus. The single-phase 
literature review can be found in Appendix A. However, several single-
phase papers are referenced in the following section when they are needed 
for clarification purposes. 
Several survey papers have been devoted to this subject. Koutsky 
and Adler [5] compiled a brief annotated bibliography of coiled tube 
literature, particularly describing secondary flow, covering the years 
1876 to 1964. Srinivasan et al. [6] reviewed single-phase, laminar, 
transition, and turbulent flow, with and without heat transfer, in helical 
and spiral coils. Hopwood [7] examined the literature relevant to forced 
convection boiling in coils, as well as flow phenomena and droplet 
trajectories. Gorlov and Rzaev [8] surveyed theoretical and experimental 
studies concerning heat transfer and hydrodynamics in two-phase flow in 
helically coiled tubes. 
The main emphasis of the present review is directed toward two-
phase flow. Two-phase flow with heat transfer is divided into two 
sections: heat transfer coefficients and CHF. Flow visualization and 
related studies are discussed in a third section. Generally, only data 
for circular tubes will be discussed. The fluid, fluid conditions, and 
geometric dimensions used in the various boiling heat transfer and CHF 
investigations are listed in Table 2.1. 
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1. Heat transfer In two-phase flows In helical coils 
a. Heat transfer coefficients One of the first papers to 
deal with boiling in curved channels was by Hendricks and Simon [9]. 
Using hydrogen in an electrically heated section of a curved tube, 
they concluded that the heat transfer at the concave surface is 
enhanced and at the convex surface it is degraded; the maximum ratio 
of the concave to convex heat transfer coefficients was about 
three, with the ratio depending upon the d/D ratio and fluid structure. 
The two-phase data indicated that the convex coefficients were lower 
than but relatively close to straight tube heat transfer coefficients. 
For data near the critical pressure the density gradient from the 
wall to the bulk is considered to be important; Miropollskii at al. 
[10] later arrived at this same conclusion. 
Yudovich [11] boiled N-hexane and water in a steam heated coil 
2 
of d/D = 0.075. He determined that between 3300 and 7500 Lbm/hrft 
of N-hexane and between 2800 and 9600 lbm/hrft^ of water the boiling 
heat flux increased with increasing flow rate; a small temperature 
difference (generally between 0.5 and 1.0®F) was recorded between 
the concave and convex sides in all the test runs. In the liquid 
deficient zone, detrainment of the dispersed liquid at high quali­
ties was indicated. No attempt to correlate the data was made. 
In a series of investigations Owhadi [12], Owhadi and Bell [13], 
Owhadi et al. [14], and Bell and Owhadi [15] studied forced con­
vection boiling heat transfer to water at atmospheric pressure in two 
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electrically heated coils, d/D = 0.0499 and 0.024. Outlet conditions 
ranged from low quality to superheated vapor. They speculated 
that the secondary flow causes a liquid film to exist over all of 
the tube perimeter up to high qualities and that the film's stabil­
ity can be attributed to secondary flow. The centrifugal force 
detrains liquid from the vapor core, depositing the liquid on the 
walls; the secondary flow then spreads it over the surface. 
Generally, near the coil inlet, the heat transfer coefficients 
were highest at the convex side and lowest at the concave side; 
however, the convex coefficients went through a minimum farther 
down the tube and the concave side then had the larger heat transfer 
coefficients. The higher coefficients at the inlet on the convex 
side were postulated to occur due to a large nucleate boiling 
component (caused by the larger heat flux at that surface due to 
the nonuniform heating). The boiling is then suppressed farther 
down the tube due to the effect of turbulence on the nucleation. 
As the vapor volume increases, single-phase convective heat transfer 
predominates. 
Another possible explanation for the reversal of the relative 
magnitudes of the heat transfer coefficients at the concave and 
convex surfaces is a change in the heat transfer mechanism associated 
with a change in the flow regime. The minima occur at low vapor 
qualities (in the order of 10-15%). Before the annular flow regime 
is attained at higher qualities, other flow regimes first must 
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occur. These might have characteristics which facilitate more 
vigorous boiling at the convex surface initially. As the quality 
increases, the flow becomes annular with the liquid layer at the 
concave surface becoming thinner because of the stronger secondary 
flow, and a thicker layer of liquid forms at the convex surface since 
it is a stagnation point. At this point the heat transfer coefficients 
become larger at the concave surface than at the convex. 
The data were correlated using an analogy to the Lockhart-Martineili 
method for correlating pressure drop. For a circumferentially averaged 
heat transfer coefficient, h^p^, h^^/h^^ correlated relatively well 
against the Lockhart-Martineili parameter, when the liquid-only 
heat transfer coefficient, h^^, was calculated using the Seban-
McLaughlin [16] turbulent flow equation for coils. The effect of 
d/D iri this equation is only 7.6% greater for the small coil compared 
to the large. Since the two coils had nearly identical data, the 
effect of the coil on the boiling heat transfer coefficient can 
be considered to be not basically different than its effect on 
single-phase turbulent flow. The significant feature of the helix 
was that the coiled tube geometry apparently delays the transition 
from a wetted to a dry wall condition when compared to a straight 
tube; this transition occurred at qualities of nearly 100% in some 
cases. 
Kozeki [17] also used the Lockhart-Martineili parameter to 
correlate the heat transfer data from an electrically heated coll 
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of d/D = 0.028. Water, up to 425 psia, was used as the working fluid. 
Using the equation of Mori and Nakayama [18] to calculate h^^, the 
data appeared to correlate reasonably well. At l/x^^ > 5, convective 
evaporation appears to be the predominant mode of heat transfer. 
As with other studies, the boiling heat transfer coefficient on the 
concave side was larger than that on the convex, .with the ratio of 
the two values being approximately two. Only a slight improve­
ment in the average heat transfer coefficient is indicated when 
compared to a straight tube. 
De La Harpe et al. [19] studied the boiling of helium at 
atmospheric pressure in a long (L/d = 1600) electrically heated 
coil of d/D = 0.0273. They correlated h^pp/h^^ using with 
h^^ being calculated with the equation of Rogers and Mayhew [20]. 
In the low-quality region (x < 0.2) h^pp/h^^ is independent of 
Nucleate boiling heat transfer appears to predominate. This 
agrees with [12-15]. In the intermediate quality range (0.2 < x < 0.8), 
the following equation expresses the local heat transfer coefficient: 
(2-1) 
Also, the equation of Rogers and Mayhew when modified using a Reynolds 
number with mixture properties, agreed very well with the experimental 
data in this quality range. In the high quality range (x > 0.8), the 
experimental heat transfer coefficient is independent of x^.^ and can 
be calculated by using vapor-phase property values in the Rogers 
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and Mayhew equation. 
Isshiki et al. [21] used water in a hot-water-heated coil 
(d/D = 0.047) to study the local boiling heat transfer coefficient. 
No distinct differences between the local coefficients on the 
convex and concave sides were observed, although the concave 
coefficient was a little larger than the convex. As for the local 
average coefficients, again no distinct differences between coiled 
and straight tubes were noticed. 
This experimental arrangement of a fluid-to-fluid heat exchanger 
produces an axially varying heat flux distribution, as opposed to 
a uniform heat flux distribution for an electrically heated system. 
Judgement needs to be exercised to apply the results from one type 
of system to another. 
Kozeki et al. [22], using water in a hot-water-heated coil, 
found that the local heat transfer coefficients for forced con­
vection boiling were little affected by steam quality, mass flow 
rate, or pressure. At lower pressures, the coefficient at the 
concave side seems to increase slightly with an increase in steam 
quality. The heat transfer coefficients on the concave side are higher 
than on the convex side. The average heat transfer coefficients in 
the boiling region increased with an increase in mass flow rate, 
especially at lower mass flow rates. The authors concluded that the 
Lockhart-Martinelli parameter does not adequately correlate their data. 
Barskii and Chukhman [23] boiled R-12 in coils of d/D = 0.120 
and 0.06. They found that the heat transfer coefficient increases 
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with increasing mass velocity, heat flux, and curvature ratio; 
only slight increases were obtained with increasing pressure. In 
a coil, an increase of 50% in the heat transfer coefficient was 
accompanied by an increase of 30% in the pressure drop; for an 
equivalent heat transfer gain in a straight tube, the pressure 
drop increased by 150%. 
Chukhman [24] also studied the boiling of R-12 and R-22 in 
electrically heated coils (0,25 < d/D < 0.06) and satisfactorily 
described his data with the following equation: 
Nu 
c 
X 
p sat' 
Pr°'4(i+d/D)2.93 (2.2) 
q"d 
where Re, = 
As can be seen in the equation, the effect of the coil is to raise 
the heat transfer coefficient relative to a straight tube. For the 
same vapor fraction, the secondary flow in a coiled tube distributes 
the liquid more evenly over a larger portion of the tube wall, thinning 
the liquid layer in some locations, and preventing stratification. 
The combination of the spreading and thinning of the liquid film 
results in a higher average heat transfer coefficient. 
Gorlov and Rzaev [8] surveyed some papers concerning the 
boiling of water in electrically heated coils, and from the data 
contained in these papers arrived at the following equation to 
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describe the heat transfer coefficient in the region 0.015 < x < 0.3; 
h^ = 0.19q"°"Gp°'15 (2.3) 
where h is in w/in^°C, p is in n/m^ and q" is in w/m2. This is a 
typical equation for nucleate boiling, i.e., h is independent of x. 
Kozeki [25] made a theoretical and experimental study of 
boiling water in an electrically heated coil (d/D = 0.028). The 
average heat transfer coefficient correlated with the Shrock and 
Grossman equation: 
hfPF p. 75 (2.4) 
\c " ^ tt' 
where h^^ is from the Mori and Nakayama equation. The mechanism 
for annular flow boiling heat transfer was modeled theoretically 
and compared to the data; the results seem to agree qualitatively. 
Grain [26] and Grain and Bell [27] reported the results of an 
experiment which used water in an electrically heated coll (d/D = 
0.0495 and 0.024). The results, h^pp/hg^» were adequately correlated 
using the Lockhart-Martinelli parameter in the high quality (x > 50%) 
region. However, the effect of flow rate on the heat transfer 
coefficients is not sufficiently modeled with this correlation; the 
vapor heat transfer coefficient, h^^ was calculated using the Seban-
McLaughlin equation. The liquid heat transfer coefficient h^^ did not 
adequately correlate the data. Because of the magnitude of the two-
phase heat transfer coefficients, the authors concluded that liquid 
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remains in contact with the entire tube surface up to vapor 
qualities of about 90%. Visual observations of two-phase air-water 
flow confirmed the presence of a secondary flow. 
Alad'yev et al. [28,29] used sodium to boil potassium in a 
coil of d/D = 0.0617. Resistance heating also was used to boil 
potassium in a stainless steel coil of d/D = 0.0617 and a niobium-
alloy coil of d/D = 0.0625; both d and D were different for the coils. 
From these experiments, the authors concluded that liquid-to-liquid 
heat exchangers can be predicted satisfactorily using data obtained 
with electrically heated test sections. For this liquid metal, 
through temperature measurements, virtually no deviation in the wall 
or fluid temperature over the tube perimeter was observed; this 
suggests that no stratification of the phases occurred. There was 
no mass flow rate or quality dependence on the heat transfer and the 
data were approximated by the equation 
- 0.13q"°-»Sp°-lS ".5) 
2 2 
where h^ is in w/m C, q" is in w/m and p is in n/m* 
Note the similarity of this equation to the equation of Gorlov and 
Rzaev [8] which was obtained from water data. At the same heat flux, 
the driving temperature difference in coils was approximately 50% 
to 75% of that in straight tubes, which indicates a much improved heat 
transfer mechanism in the coiled tubes. 
Campolunghi et al. [30] studied the boiling of water in an 
electrically heated test section (d/D = 0.0185). A design corre-
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lation was developed for the average boiling heat transfer coefficient 
over the boiling length, which, in some cases, extended to 100% quality; 
h^ = 11.226q"°"*e°'°132p (2.6) 
where h^ is in w/m^°C, p is in bars, and q" is in w/m^. 
During the experimental tests, the values of q"/G were kept as 
close as possible to 0.13KJ/kg. No detailed discussion of their 
results was given. 
Grilikhes et al. [31] studied subcooled boiling of diphenyl 
in a short, electrically heated coil. The heat transfer coefficients 
were higher at the outside surface than at the inside. The level 
of subcooling was varied from 0°F to 180*F, and the fully developed 
boiling heat transfer coefficient was correlated by 
h = 0.015q"°'G5pO'24 (2.7) 
2 2 2 
where h is in w/m °C, q" is in w/m , and p is in n/m . 
On one figure the heat transfer coefficients for the coiled tube 
were compared to straight tube data from another paper for water and 
diphenyl; the coiled tube coefficients were lower than the straight 
tube data for both fluids. No explanation was given as to why this 
happened. Since the subcooled and low-quality heat transfer 
coefficients depend on the surface-fluid combination, this equation 
is not very useful except to make initial designs for similar systems. 
Duchatelle et al. [32] used a 5MW^ and a 45MW^ steam-generator 
test facility with a liquid-liquid conterflow heat exchanger to 
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test various existing correlations for boiling water in helical 
coils. The experimental results were compared with the calculated 
performance; the agreement was very good, with the average deviation 
for the overall effectiveness (gross behavior) of the heat exchanger 
being about 0.1%. Here, the effectiveness represents the ratio of 
the water enthalpy increase to the maximum possible enthalpy gain 
that would be obtained from an exchanger with an infinite heat 
transfer area. The correlations used in the computer code are: 
Mori and Nakayama [18] for single-phase liquid; the Rohsenow and 
Clark method [33] for the nucleate boiling zone, with 1/%^^ < 2; 
Owhadi et al. [14] for the nucleate boiling zone with, l/x^^> 2, 
and with the single-phase heat transfer coefficient calculated with 
the Seban-McLaughlin [16] correlation; Duchatelle et al. [34] for 
the critical quality; and Miropolskiy [35] for the film boiling 
region. 
Carter et al. [36] used a counterflow liquid-to-liquid heat 
exchanger to test the performance of a coiled once-through steam 
generator (d/D = 0.006 and 0.0037). Boiling correlations by Thom, 
Jens and Lottes, Sani, and Rohsenow were compared with the experi­
mental results and were found to underpredict the overall two-phase 
heat transfer coefficients. Generally, the effect of the helix 
diameter was not significant in this study; however, it should be 
\ 
noted that the variation in d/D is not large. 
Unal [37] modeled the subcooled nucleate boiling regime of 
water in a sodium heated coil (d/D = 0.0257) to determine the 
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incipient point of boiling (IPS) and the initial point of net vapor 
generation (IPNVG). The author determined that at the IPB and IPNVG, 
the ratio of the heat flux due to suppressed forced convection to 
the total heat flux (hAT^^^/q") at the inside of the coil is a 
constant. For a coil, IPNVG and IPB can be predicted by modifying 
a correlation originally developed for IPNVG in vertical channels. 
Conclusions ; Although much has been done in the area 
of forced convection boiling in helical coils, and an understanding 
of the phenomena is beginning to be gained, more research is required 
so that broader, more general conclusions can be drawn from the 
experimental data. While some trends have been established, there 
still is contradictory, fragmentary information available. There 
has been much speculation as to possible models of the boiling heat 
transfer phenomena in coils but definitive studies are lacking. 
Suggestions for additional research Include: testing of a larger 
group of fluids, including liquid metals and refrigerants; additional 
studies of subcooled boiling to determine the heat transfer behavior 
in this regime; and better definition of higher mass velocity and pressure 
effects. 
b. CHF in helical coils Carver et al. [38] tested two 
electrically heated coils (d/D = 0.0131 and 0.0033) with 2600 psia 
water and compared their results with comparable straight tube data. 
They found that CHF in coils occurs at different steam qualities 
at different circumferential locations, with the coiled tubes having 
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higher average critical qualities and higher local critical qualities 
for all positions than straight tubes. They found that the CHF 
condition usually occurs at the convex surface first. The angular 
location of first dryout appears to be determined by the balance 
of centrifugal and gravitational forces; because of stronger 
centrifugal forces and secondary flow, the smaller radius coil gives 
the larger critical qualities. In general, an increase in mass 
velocity results in an increase in average critical steam quality, 
which is the reverse of the situation usually found with straight 
tubes. The authors noted that when dryout occurs, the surface 
temperature fluctuations are much smaller than those in a straight 
tube; film boiling wall temperatures are also lower. No attempt 
was made to correlate the data. 
Miropolskiy et al. [39] used an electrically heated test 
section to study boiling in pipe bends of 90° and 360°. They found 
that for a given vapor quality the CHF is at first lower than and 
then, over a small quality change, becomes higher than that of a 
straight pipe. This reversal occurs around the saturation point 
of the liquid and the difference between this minimum point and the 
next maximum diminishes as the pressure is increased. The reversal 
is less pronounced at higher mass velocities also. The boiling crisis 
occurred first at the convex surface. With increasing mass velocity, 
the CHF increases; increasing pressure causes a decrease in CHF. 
In most of the other investigations, the axes of the coils 
have been vertical. The authors of this study also tested bends with 
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horizontal axes and concluded that the crisis develops at the concave 
surface where the vectors of the centrifugal and gravitational forces 
coincide directionally. Lacey [40],in a discussion of this paper, 
suggests a theory which is similar to that of Owhadi et al. [14] 
as to the reason one might expect a crisis to occur on the outer 
region of a heated curved tube. 
Isshiki et al. [21], using a hot-water-heated test section 
found that at a given heat flux as the flow rate increases and the 
pressure decreases the quality at which dryout occurs increases. 
Values for the critical quality as high as 99% were recorded. When 
the heat flux was increased, at a given mass velocity, dryout 
quality decreases. Dryout occurred first at the inner surface. 
Again, it should be noted that results obtained with electrically 
heated test sections should not necessarily be applied directly to 
fluid-to-fluid heat exchangers or vice-versa if the results with 
straight test sections are comparable to coiled tube test sections. 
France [41] demonstrated that the CHF phenomenon in a liquid metal 
heated system may not be well predicted from correlations based 
on data from electrically heated systems. At a given quality, the 
magnitude of the CHF was larger in the case of uniform electrical 
heating. On the other hand, Blanchi and Cumo [42] found that the CHF 
in the temperature controlled system was clearly higher than that in 
the heat flux controlled system. In another paper, Cumo et al. [43] 
concluded that, with an uncertainty of + 20%, the two types of heating 
give the same critical quality. Obviously, there is disagreement 
Table 2.1 Experimental Conditions from Previous Investigations of Two-Phase Flow and CHF in Coils 
Ref. d 
in. 
d/D L/d Fluid Pressure 
psia 
Mass Velocity , 
'Ibm/hr ft^xlO 
Exit 
Quality^ 
Method of 
Heatingb 
9 0.5, 0.375 
0.313 
hydrogen 100-600 E 
11 0.527 0.0811 45.3 water 16-26 0.0033-0.075 0.105-1.00 CS 
12-15 
N-hexane 15-21 0.0028-0.028 0.498-1.00 
0.492 0.0239 
0.0499 
228 water 15-28 0.023-0.23 SCL-SHV E 
17 0.551 0.028 473 water 140-425 0.133-0.0531 0-1.00 E 
19 0.118 0.273 1628 helium-I 18 0.018-0.094 0-0.93 E 
21 0.610 0.0247 263 water 70-300 0.119-0.358 0-1.00 HW 
22 0.634 0.0256 
0.0236 
2795 water 70-426 0.051-0.358 0-1.00 HW 
23 0.236 0.120 
0.060 
R-12,R-22 36-130 0.102-1.02 
24 0.06-0.25 R-12,R-22 36-130 E 
25 0.551 0.028 473 water 150-440 0.226-0.532 0^1.00 E 
26,27 0.495 0.0240 
0.0495 
242 water 17-39 0.033-0.091 0.83-1.00 E 
28,29 0.394 0.0617 140,286 
0.157 0.0667 243 potassium 13-116 0.011-0.151 0.03-0.84 E,1 
^SHV - Superheated vapor; SCL - subcooled liquid. 
- Electric resistance heating; CS - Condensing steam; HW - hot water; Na - Sodium* 
Table 2.1 (Continued) 
Réf. d 
In. 
d/D L/d Fluid Pressure Mass Velocity Exit Method of 
psia Ibm/hr ft^xlO" Quality Heating 
30 
31 
32,34 
0.610 
0.236 
0.776 
0.0185 
0.120 
0.0312 
0.0274 
0.0243 
4055 water 1160-2465 0.737-1.84 0.75-SHV 
6,8.2 diphenyl 40-100 0.103-0.265 
4157 water 653-2538 0.276-2.58 0.60-1.0 
E 
E 
Na 
36 0.594 0.0064 2137 water 700-1040 0.156-0.805 SHV HW 
0.0039 2788 
37 0.709 0.0257 1483,2228 water 580-2610 0.316-1.12 SCL Na 
38 0.4247 0.0033 254 water 2600 0.280-1.40 SHV E 
0.4197 0.013 429 
39 0.630 0.129 water 290-4290 0.074-1.47 0-SHV E 
0.315 0.093,0.071, 
0.044,0.015 
44 0.299-0.624 Q.0156-0.1266 water 1420-3120 0.074-1.47 -0.5-1.0 E 
45 0.394 0.200,0.100; 80-250 water 43 0.037-0.369 0-1.00 E 
0.236 0.050 
0.060 
46,47 0.187 0.0264 420 R-12 180-657 0.364-1.33 SHV E 
48 0.650 0.00065 1818 water 750-2500 0.328-0.921 Na 
49 0.403 0.007,0.030 442,310 water 124 0.074-0.737 0-1.00 E 
0.551 0.061 140,286 potassium 15-45 0.029-0.052 
0.783 0.126 6.2 
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as to the effect of the different modes of heating. 
Miropol'skiy and Pikus [44], consistent with other investigators, 
found that electrically heated coiled tubes generally have higher 
average critical vapor qualities than do straight vertical tubes 
at the same heat flux, for qualities greater than approximately 10%. 
However, as in a previous paper [39], in the subcooled region the 
CHF is lower in the coil than in a straight tube, and around zero 
quality a reversal occurs, with the CHF increasing sharply with 
quality. It should be remembered that Grilikhes et al. [31] re­
ported lower heat transfer coefficients in the subcooled region. 
At a higher quality, the curves again reverse and CHF decreases 
with quality. No adequate explanation was given for this phenomenon. 
At higher qualities it was assumed that the secondary circulation 
insures sufficient wetting of the tube perimeter to delay the 
transition to film boiling. For the CHF at zero quality, the following 
correlation was proposed for pressure between 60 and 170 bars: 
"'o,str = 2.7xl05(!^f''^3 (2.8) 
where G is in kg/m^s, d is in mm and q^ is in w/m^. 
In the subcooled region for a coil 
• q:.str Ml-a.5-9.4 f)(5.5 - Y§)xl (2.9) 
where k, the ratio of q^ ^/q^ ^^^^is shown in graphical form as a 
function of mass velocity and d/D. 
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Kozeki et al. [22], with their hot-water-heated apparatus, found 
that as the mass flow rate increases, dryout appears at higher 
qualities. As the system pressure is increased, the dryout quality 
becomes slightly higher. At lower steam qualities, dryout occurred 
first on the concave side, which is the opposite of what some other 
investigators, e.g. [12-14, 38] have found. At higher qualities the 
upper and lower sides dry out first, as Owhadi et al. [12-14] 
also observed. It was concluded that the location of dryout is 
strongly influenced by the relative magnitudes of the centrifugal 
and gravitational forces acting upon the liquid and vapor phases. 
Babarin et al. [45] studied the CHF in electrically heated 
coils for water at 2.94 bars. It was determined that CHF for coiled 
and straight tubes depends upon the same variables. The CHF condition 
occurred first on the convex surface and was higher than for 
straight tubes. From a large number of experiments, the following 
conclusions were made; the difference in CHF between straight and 
coiled tubes increases with increasing mass velocity, the CHF is 
unaffected by the coil diameter and coil pitch over the range of 
variables tested, the CHF is affected by tube diameter, and sharp 
power increases can cause a decrease in CHF. At dryout the wall 
temperature rose sharply (by up to 900°F). Other investigators 
have observed only moderate temperature rises at dryout. The 
CHF data are correlated by the equation 
[1 + C(x. +0.75)110 
,0.9 
5 (2.10) 
where is in w/m^ and G is in kg/m^S. 
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In an excellent paper by Cumo et al. [46,47] for boiling 
R-12 in an electrically heated test section, it was shown that coiled 
tubes exhibit much better two-phase flow heat transfer character­
istics than straight tubes. The CHF is increased, wall temperature 
rises are lower and occur over a longer section of tubing. The 
increase in burnout power (the power added to the fluid between x = 0 
and X = for the test conditions considered was as high as 
500 to 600%. Various other comparisons between straight and 
coiled tubes were shown in many interesting graphs. 
Duchatelle et al. [34] studied three coils (d/D = 0.0319, 
0.0249, and 0.0112) in a counterflow arrangement. Water, at 45 
to 175 bar, was boiled using a sodium-potassium mixture. The average 
steam quality at the point of DNB for all three coils was correlated 
with one equation; 
. 1.69x10-4 ,M0.719g-0.212^0.0025p (2.11) 
2 2 
where cj" is in w/m , G is in kg/m s, and p is in bars. 
The observed critical quality was always high, within the range 
of 0.6 to 1.0, and except at low mass velocity and pressure, was 
always higher than in the straight tube case. These authors found 
that with increasing mass velocity, the critical quality decreases, 
which is the opposite of what other authors, e.g., [21,22,38,45,48] 
have found. Also, the questionable result of an increasing with an 
increasing heat flux was observed. Carver et al. [38] also found 
this but discovered that too widely spaced temperature measurement 
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locations were responsible for the questionable behavior. Closer 
spacing of the thermocouples produced data which exhibited the 
usual behavior. 
Naitoh et al. [48], in a study to determine the effect of 
dryout and accompanying temperature fluctuations on thermal stress 
and fatigue in coils, used a sodium-heated steam generator with 
d/D = 0.0165 at pressures up to 175 atm. The peripheral average 
DNB quality was correlated with the following equation; 
x^^ = 1.0+(0.139-0.071p°'lG6)(q"xior5) (2.12) 
where q" is in kcal/m^h and p is in atm. 
Dryout occurred first at the inner surface. With an increase in 
heat flux the dry patch spread next to the upper, and lastly to the 
lower surface of the tube. With the early dryout of the tube, 
the dryout location remained localized so that the average heat 
transfer coefficient remained high. The period of the fluctuation 
of the dryout position was found to vary from 3 to 20 seconds; 
maximum peak-to-peak wet-dry temperature oscillations were as high 
as 14°C. No indication is given as to how far the dryout position 
moves. 
Gorlov and Rzaev [8], in their review of literature, stated 
that the onset of the critical condition, when observed in the region 
of low vapor quality, is connected with an abrupt change in the 
structure of the flow. No supporting data were given to allow 
evaluation of this statement. 
28 
Alad'yev et al. [28,29] concluded from the analysis of their 
boiling potassium data that the quality was approximately equal to 
unity in the region of the sudden rise in wall temperature for all 
test conditions in their coils. To correlate their data, the 
authors modified the equation of Babarin et al. [45]; the resulting 
equation is the same except that the initial constant is changed 
from 5.85 to 4.47. 
Alad'ev et al. [49], in a study using water and potassium in 
five electrically heated coils (0.07 ^  d/D 0.126), have shown 
that the heat transfer coefficient in the post-critical region 
increases with increasing mass velocity and decreasing quality, 
is slightly dependent on tube diameter, is independent of d/D within 
the tested range, and the effect of quality on the heat transfer 
coefficient becomes greater as the ratio P^/P^ increases. Several 
equations and graphs are given for the determination of the heat 
transfer coefficient in this regime. 
Campolunghi et al. [30], for boiling water between 80 and 170 
bars in electrically heated coils, developed a criterion to have the 
boiling length extended up to 100% quality. This "No DNB" criterion is 
q"/G <0.13 KJ/kg (2.13) 
CHF decreased with increasing pressure. Wall temperature excursions 
at dryout were limited in magnitude. 
Subbotin et al. [50] investigated various methods of flow 
swirling - twisted tapes, helically-wound wires, internal spiral 
29 
fins, and coiled elliptical tubes - in a study to augment the 
critical capacity of steam generating tubes. The experimental 
results for the CHF were compared, at equal pressure losses, with 
straight tube data. The greatest increase in CHF was found with 
the coiled tubes. 
In a study involving the limiting case of the concave and 
convex surfaces of a coiled tube, Hughes and Olsen [51] experi­
mentally and analytically investigated the subcooled CHF for R-113. 
The test section was a planar, rectangular channel with only one 
side heated at a time. The primary conclusions of the investigation 
were that the concave surfaces permit a substantially higher CHF 
than straight surfaces, and that convex surfaces have a CHF which 
is somewhat lower than the straight surface. The CHF condition was 
modeled with the concept of average size vapor bubbles completely 
covering the boiling surface. Agreement between theory and experiment 
was relatively good. No attempt was made to extrapolate the results 
to actual coiled tube performance. 
Conclusions; As with the heat transfer coefficients in 
two-phase flow, more research is required on CHF in coiled tubes 
to better define the trends and important variables which influence 
this phenomenon. Generally, wider ranges of the fluid operating 
conditions and geometries need to be studied. 
As the data look now, several observations can be made concerning 
the effect of certain variables on the CHF; however, there are data 
which are contradictory and still lack explanation. The CHF appears 
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to increase with increasing mass velocity in the quality region, 
which is the opposite of the effect in straight tubes under similar 
conditions. As with straight tubes, in general, the CHF decreases 
with increasing pressure and quality. The CHF increases with in­
creasing d/D. The critical qualities and heat flux for coiled 
tubes are higher than straight tubes in the entire quality range; 
in the subcooled region, the opposite apparently occurs. In most 
cases, the temperature rise associated with reaching DNB is much 
lower in coiled tubes than in straight tubes. 
While the mechanism of quality CHF is discussed in the 
literature, no explanations are advanced for subcooled CHF. Hence, 
from examination of the literature, a tentative explanation for the 
lower CHF in the subcooled boiling region could be as follows. 
With subcooled boiling, the vapor remains near the heated wall. The 
secondary circulation in the coiled tube tends to sweep this vapor 
along the tube perimeter back to the inner, or convex, surface 
(See Fig. 1.1). The centrifugal force acts more strongly on the 
liquid near the inner surface than on the vapor and causes the 
liquid to circulate across the diameter of the coil toward the 
concave surface. The vapor remains at the convex surface causing 
a locally high void fraction. The excess vapor causes a decrease 
in the CHF when compared to straight tubes. As the coil diameter 
increases, the differences between coiled and straight tubes will 
decrease because of weaker centrifugal forces. At lower mass 
velocities, the vapor would be less affected by the weaker secondary 
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flows and could migrate into the bulk fluid flow instead of remaining 
on the wall. This would lead to a diminishing in the difference 
in CHF levels between straight and coiled tubes. Likewise, as the 
pressure is increased, the difference in the vapor and liquid 
densities decreases; hence, the centrifugal forces acting on each 
phase would tend to equalize. This could minimize vapor clotting 
at the convex surface and also result in diminishing the differences 
between straight and coiled tubes. 
In the quality region, an explanation of the CHF condition• 
is as follows: In straight tubes, increasing the flow rate causes 
increased turbulence in the vapor core which increases the shear 
on the liquid film on the wall. More liquid is entrained in the core, 
with a resulting decrease in liquid film thickness. The larger the 
mass flow rate, the faster the film becomes depleted and the lower 
the critical heat flux. In coils, the flow regime quickly becomes 
annular at low quality; centrifugal force causes a separation of 
the phases, with the liquid being concentrated at the wall. The 
secondary circulation then spreads the liquid film over the whole 
perimeter, ensuring a wetted wall. With increasing mass flow, 
centrifugal effects become stronger and any entrained liquid will 
quickly be deposited on the tube wall and circulated along the 
perimeter. Hence, the resulting higher liquid film flow rate causes 
the CHF in coils to be larger than that in straight tubes. Alterna­
tively, at the same heat flux the quality at which dryout occurs would 
be higher. 
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2. Flow visualization and related studies for flow In helical coils: 
Koutsky and Âdler [52] studied the use of helical coils to 
minimize axial dispersion in chemical reactors. Axial dispersion 
is when axial mixing occurs, for instance, at the interface between 
two dissimilar fluids being pumped in succession through a pipeline. 
Using tracer distribution tests, with water as the working fluid, 
increasingly stronger secondary flows were indicated with increasing 
Reynolds number. These strong secondary flows minimize axial 
dispersion much better than can be achieved in straight tubes. 
In the transition regime, the onset of turbulence appears to reduce 
the strength of the secondary flow, particularly at low curvatures. 
The minimization of axial dispersion implies a flow that approaches 
plug flow. 
Rippel et al. [53] used various gas-liquid systems to study 
pressure drop, hold-up, and axial mixing in a coil. The LockharC-
Martinelli correlation adequately represented the pressure drop and 
hold-up. The hold-up (the fraction volume liquid per unit volume 
of pipe,l - a) was found to be less than that in horizontal pipes; 
liquid properties were found to affect hold-up to a greater extent 
than gas properties. There were indications, based on visual ob­
servations, that the presence of two phases may significantly 
reduce the Dean effect noted in single-phase flow. Hendricks 
and Simon [9] also noted that visual observations of two-phase flow 
of nitrogen in the film boiling region indicated little or no 
secondary flow. 
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Banerjee et al. [54] also found that for a variety of gas-
liquid combinations and coil diameters, two-phase flow and hold-up 
could be correlated using the Lockhart-Martinelli approach, with 
modified correlating parameters. Baker's plot was found to satis­
factorily predict flow patterns, with the exception of dispersed 
flow. The experiment was limited to low pressures. One unusual 
phenomenon observed is what the same authors [55] have termed 
"film inversion." For low pressure systems, it is possible for the 
liquid to flow on the convex surface rather than the concave. 
Due to slip between the phases, the centrifugal force on the gas 
phase can be higher than on the liquid, thus causing this unusual 
behavior. This behavior is similar to that suggested by Lacey [40] 
for the reason why the CHF condition could occur at the outside 
surface of a coil. (See Section II.A.l.) 
Kozeki [25,56] used an air-water system to study two-phase 
flow behavior in a coil. Film inversion was observed at high gas 
velocities and low liquid velocities. The liquid film thickness 
was measured. At high gas velocities, the liquid film is affected 
strongly by the secondary circulation of the gas phase. From visual 
observations, liquid droplets entrained at the convex surface were . 
rapidly transferred to the concave side due to the centrifugal 
force, and then flowed back along the surface due to the secondary 
flow. 
Boyce et al. [57] studied an air-water system in several trans­
parent plastic coils. On Baker's plot, flow patterns occurred in 
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the same relative locations, but the positions of the transition 
boundaries observed in this study do not agree with those recommended 
by Baker. This is in disagreement with the observations of Banerjee 
et al. [54]. The Lockhart-Martinelli correlation was found to 
predict two-phase pressure drop and hold-up in coils with about the 
same accuracy as for straight, horizontal tubes, i.e., within about 
+25%. 
Kasturi and Stepanek [58] used four gas-liquid systems to test 
three correlations for use with two-phase cocurrent flow in helical 
coils. The Lockhart-Martinelli correlation represented the pressure 
drop data fairly well, but there was a systematic displacement of 
the curves for the various systems. When the data were compared to 
the Lockhart-Martinelli correlation, it was evident that the effects 
of surface tension and viscosity are not accounted for sufficiently; 
the butanol-water-air system was overpredicted, the corn sugar-
air solution was underpredicted, and the rest fell in between, 
according to viscosity. Poorer agreement was found with Dukler's 
analysis. The systematic displacement of the curves for the vatious 
systems, noted with the Lockhart-Martinelli correlation, was also 
found to exist with Hughmark's correlation for the void fraction. 
Nigmatulin et al. [59] performed a theoretical and experimental 
study to determine the local concentration of the heavier phase in 
a two-phase mixture flowing in a curved channel. Gamma irradiation 
was used in the experimental portion of the study to determine the 
liquid concentration of a steam-water system at 40 psla and several 
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mixture velocities. The authors concluded that their technique of 
calculating the local phase content in the turbulent core of the 
mixture yields satisfactory agreement with the experiment. 
Using high-speed photography, Unal [37] determined the void 
fraction for high pressure water in a coiled tube, where the outlet 
conditions ranged from low subcooling to low quality. Within a 
very narrow range, the Lockhart-Martinelli parameter correlated the 
data well; outside of this range it was far from satisfactory. A 
correlation for the distribution parameter, which represents an 
empirical factor correcting the one-dimensional homogeneous theory 
to account for the fact that the local void fraction and velocity 
profiles can vary independently of one another, is also given. 
Kubie and Gardner [60], using a two-liquid system which they 
claim provides a better analog for investigating certain aspects 
of high-pressure boiler tube hydrodynamics than air-water systems at 
atmospheric pressure, observed low-quality flow phenomena in a 
coil which resembled those found in straight sloping tubes. The 
helical coil was found to be superior to the straight tube in avoiding 
stratification. A major difference between this type of system and 
air-water or low pressure stream-water flows was the absence of 
surge and annular flows. The authors concluded that the presence 
of these types of flow will be less probable in high pressure steam-
water flow. 
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Conclusions; Flow visualization has been used to study 
various aspects of two-phase flow in coils. Flow regimes comparable 
to those occurring in straight tubes have been observed in coiled 
tubes. However, disagreement exists as to the ability of 
Baker's Plot to predict flow regime transition boundaries. Little 
work has been done for the case of two-phase flow with heat addition. 
Generally the research has been limited to low pressure experiments 
where the fluid-surface combinations imperfectly model more realistic 
systems. 
B. Heat Transfer in Straight Tubes with Circumferentially 
Nonuniform Heat Flux Distributions 
Experimental and numerical experiments have been performed 
on the effect of nonuniform circumferential heat flux distributions 
on single- and two-phase heat transfer. From these studies, it has 
been shown that the heat transfer characteristics are affected when 
the conditions are different from the standard uniformly heated 
straight tube conditions. Likewise, variations in the axial heat 
flux distribution or even the type of boundary condition (uniform 
heat flux or uniform wall temperature) can influence the performance 
of a heat transfer system. 
To gain an understanding of the effect of a nonuniform heat 
flux in a helical coil on boiling heat transfer and the CHF condition, 
it is first necessary to survey a simpler case, that of a straight 
tube with nonuniform flux distribution. With insight obtained 
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from this review, a model or explanation might be proposed to 
account for the major effects of nonuniform heat flux in a helical 
coil. 
Table 2.2 is a compilation of the fluid operating conditions 
and geometries used in the various nonuniformly heated CHF studies. 
1. Heat transfer in single-phase flows 
Reynolds [61,62] performed an analysis for hydrodynamically 
and thermally fully developed laminar or turbulent heat transfer 
in a circular tube with an arbitrary circumferential heat flux. 
For laminar flow with asymmetric heating, the local Nusselt number, 
varies substantially from the uniformly heated tube Nusselt number^ 
For a turbulent flow at a given heat flux distribution the circum­
ferential effects will be more pronounced than in laminar flow, 
especially at low Prandtl numbers. However, the average temperature 
difference, computed from the average heat flux, is identical with 
that predicted for no peripheral flux variation, Reynolds [63] 
and Baughn [64] note that in practice the circumferential heat 
conduction in the tube wall will tend to smooth out the variations 
caused by nonuniform circumferential heating. Sparrow and Lin 
[65] also analyzed hydrodynamically and thermally developed turbulent 
flow in a circular tube and concluded that although there is a 
circumferential variation in the heat transfer coefficient, the 
circumferentially averaged Nusselt number is equal to that for the 
axisymmetric heat transfer situation. 
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Sutherland and Kays [66] presented an analysis of an annulus 
with fully developed laminar or turbulent flow. It was determined 
that the wall heat flux variation tends to stratify the flow, with 
the problem of circumferentially local temperature variation being 
much more severe in annuli than in circular tubes; this variation is 
very substantial in turbulent as well as laminar flow. The analysis 
also suggests that the thermal entry length required to reach 
fully developed conditions may be considerably longer than that 
required for symmetric heating. 
Black and Sparrow [67] performed an experiment with the turbu­
lent flow of air in an asymetrically heated circular tube. They found 
that local heat transfer coefficients display a smaller circumferential 
variation than the heat flux variation. Lower heat transfer coefficients 
correspond to circumferential locations of greater heating and vice-
versa. Bhattacharyya and Roy [68] found this same result for a 
thermally developing laminar flow. The predictions of Sparrow and 
Lin [65] and Reynolds [62] tend to overpredict the circumferential 
variation in the heat transfer coefficient; however, the experimentally 
determined average heat transfer coefficients agreed well with the 
analyses at Reynolds numbers above 10,000. (Chan et al. [69], on 
the basis of experimental results with turbulently flowing water, 
agreed that Reynolds' analysis appears to overestimate the circum­
ferential wall variations due to a nonuniform heat flux.) The 
Dittus-Boelter equation predicts average Nusselt numbers that are 
slightly larger than the experimental values. One observation 
suggests that the thermal development is more rapid on the lesser-
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heated side of the tube than on the greater-heated side; neverthe­
less, the entrance lengths are within the range reported for 
symmetrically heated tubes. 
Other analytic solutions [70-73] for turbulent flow in non-
uniformly heated tubes present essentially the same results as the 
preceeding authors. 
Patankar et al. [74] and Schmidt and Sparrow [75] performed 
studies which took into account the effect of a nonuniform heat 
flux distribution on combined forced and natural convective heat 
transfer in a horizontal tube. The first of these papers was an 
analytic study on laminar flow. Bottom heating produced a vigorous 
secondary flow due to buoyancy; the average Nusselt numbers are 
much higher (as much as 5 to 12 times larger) than those for pure 
forced convection. The local Nusselt numbers are nearly uniform 
around the circumference. Top heating produces average Nusselt 
numbers which are substantially lower than the bottom heating, as 
well as large circumferential variations in the local Nusselt number. 
The second paper was an experimental study with water in turbulent 
flow. As in the preceding paper, bottom heating produces significant 
buoyancy effects at low Reynolds numbers; top heating experiments 
showed no buoyancy effects. Higher Reynolds numbers and buoyancy 
tend to smooth out any circumferential Nusselt number and wall 
temperature variations. Much more modest improvements in the 
average Nusselt number (about 10% increase) when compared to pure 
forced convection were recorded. 
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Kamenetsky and Shitsman [76] and Kamenetskii [77] studied the 
effect of nonuniform heat flux on supercritical water in turbulent 
flow. The experimental results indicate that the heat transfer is 
qualitatively the same for uniform and nonuniform heating. Over 
a range of Reynolds numbers the average Nusselt number for non­
uniform heating was found to be larger than that for uniform heating; 
however, with increasing mass velocity and decreasing heat flux 
asymmetry, the heat transfer coefficients for nonuniform and uniform 
heating converge. Natural convection effects were evident in their 
data. 
Conclusions; Much more experimental study needs to be 
done to determine the effect of a nonuniform heat flux on single-
phase, laminar and turbulent flow. The extent of the effect on the 
heat transfer coefficient due to the size of the nonuniformity has 
not been well defined. Natural convection evidently can greatly 
influence the local and average heat transfer depending upon the 
location and size of the nonuniformity; more work is required here. 
Geometry is an important consideration with nonuniform heat addition. 
2. CHF in two-phase flows 
Miropolskii and Mostinskii [78] reported the results of circum-
ferentially nonuniform heat flux tests with a fluy tilt, q^^q^^^, 
of 1.8 for subcooled water as well as steam-water mixtures in 
circular tubes. It was found that for any exit quality, the 
maximum local CHF is higher with nonuniform heating than 
Table 2.2 Experimental Conditions from Previous Investigations 
of CHF with Water in Straight Tubes with a Flux Tilt 
Ref. q" /q" 
nnax ^avg 
d 
in. 
L/d Pressure 
psia 
Mass Velocity 
Ibm/hrft2xlO-6 
Exit 
Quality 
78 1.8 0.222 26.5 380-2645 0.300-1.470 -0.20-0.80 
79 1.53-3.68 0.222,0.234 25 360-2645 0.147-1.47 0-1.00 
0.234 
82,83 1.12,1.28, 0.393 40 850,1420, 0.15-3.00 -0.5-0.20 
1.50 2560 
84 2.4 0.0196 28 456 
85 1.21.(Tube) 0.376 181 1000 0.75-2.25 0.505-0.952 
87^ 
1.29 (Annulus) 
1.26 320 2610 0.52-1.07 -0.07-0.36 
88 1.12,1.28, 0.338 40.5 570-2560 0.37-2.94 —0.8-0.3 
1.50 
^" Radiant heating on one side only. 
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for uniform heating around the perimeter of à tube. The dif­
ference in the CHF decreases with increasing pressure and with 
increasing quality. However, the total power in the channel is 
generally slightly less than with uniform heating, which indicates 
a lower average CHF. 
Styrikovich and Mostinskii [79], characterizing the nonuniformity 
of the heat flux by the ratios '^mx^^min* that 
the CHF condition always occurs at the point of maximum heat flux. 
The value of q" increased with increasing nonuniformity in the 
^max,cr " 
heat flux (q" /q" ). The local nonuniform CHF was larger than the 
^ax avg 
uniform CHF, with the differences between uniform and nonuniform 
heating becoming smaller with increasing pressure and quality. 
The ratio q" /q", had little significant influence on q" 
^max ^in ° ^max,cr 
Again the mean CHF for nonuniformly heated tubes was lower than the 
uniform case. The authors explained their results as follows. 
The CHF condition is a local phenomena. With uniform heating, 
hydrodynamic conditions are approximately the same for the whole 
circumference of the tube; with nonuniform heating these hydro-
dynamic conditions will vary. Because of turbulence, liquid from 
those locations with lower heat flows will reach the zone of most 
intense heating, thus not allowing the formation of a stable contin­
uous layer of steam. With Increasing tube diameter, the distance 
between the zones of higher and lower heat fluxes become large 
enough to prevent any significant transport of water; hence, for the 
same nonuniformities. Increasing tube diameter causes a decrease 
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in CHF. The authors correlated their data with the following 
equation. 
with the Peclet and Prandtl numbers being evaluated at the saturation 
temperature for the liquid. Mostinskii [80], in another study, verified 
the validity of this equation to predict the CHF to within about 
+ 20%. 
Margulova [81], in a study on the formation of scale in steam 
generating tubes, noted that the deposit always forms along that portion 
of the tube circumference which has the highest heat flux; the greater 
the nonuniformity the greater the extent of the deposit. Dryout in 
these areas was considered to be the explanation for this occurrence. 
Alekseev et al. [82,83] demonstrated for subcooled water and 
liquid-vapor mixtures that as the ratio q^^/increases, the mean 
CHF decreases. For subcooled water the local maximum CHF is roughly 
equal to the CHF for uniformly heated tubes. (This is at variance 
with all the other investigations.) As quality increases, q" lliqX y C t 
becomes greater than the CHF for uniformly heated tubes. The 
influence of the nonuniformity in the heat flux decreases as the 
pressure, quality, and mass velocity increase. 
44 
Ornatskil and Vlnyarskii [84] studied the effects of non­
uniform heating on the CHE in subcooled water in a small-bore tube. 
The local values of the CHE were found to be 50% to 80% higher 
than the CHE obtained with uniform heating at the same average 
operating conditions. No average CHE data were given, so no compari­
sons with straight tubes can be made on that basis. 
Lee [85] tested nonuniformly heated tubes and annuli for 
the CHE; similar CHE relationships were found to exist between the 
uniformly and nonuniformly heated test sections for both ge­
ometries. The maximum local CHE was greater in the nonuniformly 
heated tubes; however, the average critical heat flux or power 
was about the same for a given inlet subcooling. For prediction 
of critical power for a channel with a flux tilt, the overall 
power concept is recommended, with the calculated power being reduced 
by 10% to cover the worst condition. 
Butterworth [86] attempted to predict dryout in a tube with a 
circumferential heat flux variation by using a film-flow depletion 
model. A two-dimensional continuity equation for the liquid film was 
used in conjunction with a "spreading coefficient/'k, which represents 
the tendency of the liquid film to maintain a uniform thickness by 
spreading circumferentially. The author concluded that the proposed 
equation gives a reasonable representation of data obtained from 
Alekseev et al. [82] and Lee [85]. His prediction equation is 
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q" 
^cr.mean 1 
—rr 
(2.15) 
q" 
cr,uniform 
mean 
The value of k varies with local flow conditions. 
Chojnowskii and Wilson [87] used a test section radiantly 
heated on only half of its perimeter to determine the CHF in large 
diameter steam generating tubes. The CHFs for the nonuniformly 
heated tubes were found to be considerably higher than for uniformly 
heated tubes. The adequacy of the local conditions hypothesis in 
predicting dryout was questioned. The correlations of Styrikovich 
and Mostinskii [79] and Butterworth [86] were compared with the data, 
underpredicting and overpredicting the data, respectively. It was 
concluded that the velocity and steam quality were not sufficiently 
taken into account in either correlation. 
Remizov and Sapenkevich [88] found that the higher the heat flux 
nonuniformity, " ' " , the lower are the mean values of CHF. The 
local maximum CHF increases with increasing Increasing 
pressure, quality, and mass velocity causes a decrease in the in­
fluence of the nonuniform heat flux on the mean CHF. Subcooled 
DNB is concluded to be a local phenomenon. The authors suggest that for 
the high quality region, the greater mixing allows the use of uni­
formly heated tube CHF data to predict the CHF for nonuniformly 
heated tubes. 
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Conclusions; While some of the basic effects of non­
uniform heat flux distribution have been identified, there is a 
general scarcity of information, the lack of which prevents defini­
tive explanations and models being made. Fluids other than water 
need to be tested as well as wider ranges of the operating and 
geometric variables. 
At lower pressures, mass velocities, and qualities, CHF appears 
to be a local phenomenon. The level of turbulence and cross-cir­
culation associated with these conditions allows the local fluid 
conditions to vary greatly; liquid from the less heated areas will 
sweep the greater heated areas thus delaying dryout. With a greater 
nonuniformity, q^^^/q"^^, the highly heated area becomes smaller, 
the lesser heated area larger. Much more fluid from these cooler 
areas is available to prevent formation of a stable vapor film at 
the highly heated section. Hence, the local CHF will increase, 
but the average CHF can decrease. 
At higher pressures, mass velocities, and qualities and at 
a lower the CHF apparently changes from a local phenomena 
to more of an overall power phenomena. The increased turbulence 
level and the smaller variations between liquid and vapor properties 
cause the flowing mixture to become more homogeneous. The smaller 
amount of fluid from the lesser heated area is insufficient to sig­
nificantly delay the local occurrences of DNB. Accordingly, the 
difference between the local CHF in the honuniformly heated tube 
and that in the uniformly heated tube decreases, and the average 
CHF in the nonuniformly heated tube approaches that of the uniform case. 
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C. Pressure Drop in Helical Coils 
It has been shown in the preceding sections that the quality 
region heat transfer characteristics of flow inside helical coils 
are much improved when compared to that in straight tubes. However, 
the price of this improved performance is in increased friction 
pressure loss. Over 160 papers (numerical and experimental studies) 
have been found which deal only with the fluid flow inside coils. 
Add to these the approximately 120 papers which deal with friction 
and heat transfer, and one has a formidable body of literature to 
review. Since this study is directed mainly toward the CHF, an 
extensive review of the pressure drop literature was considered to 
be beyond the scope necessary for this project. Therefore, only 
a brief review which points out representative publications of 
one- and two-phase pressure loss is presented below. 
Numerous equations have been developed that describe the single-
phase friction factor in helical coils. The equations usually 
predict either the coiled tube friction factor or the ratio of the 
coiled tube friction factor to the straight tube friction factor. 
Whether the equation is empirically developed or the result of a 
numerical study, the Dean number and d/D have been shown to be the 
parameters upon which the friction factor depends. 
In laminar flow, a typical form of the friction factor equation 
is 
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Srinivasan et al. [6] gave a brief review on the subject. A 
representative numerical study is by Mori and Nakayama [gg]. Another 
of the more commonly cited papers is [90]. The transition from 
laminar to turbulent flow is delayed in coiled tubes. That and the 
critical Reynolds number are discussed in Appendix A in more detail. 
In the transition region Schmidt [91] and Srinivasan et 
al. [90] suggest friction factor equations which cover the range from 
below the critical Reynolds number to about Re = 20,000. 
In the turbulent regime, the two most commonly cited references 
are Ito [92] and Mori and Nakayama [18], the first being an experi­
mental study and the second a numerical study. Other papers are 
[6,20,90]. 
The only paper found dealing with the friction factor while 
cooling the fluid is by Miropolskii et al. [93]. To account for 
the differences between isothermal and nonisothermal friction 
factors, Rogers and Mayhew [20] suggest using a correction developed 
for straight tubes which uses the ratio of bulk to wall Prandtl numbers. 
For two-phase flow, the two most commonly used methods for 
predicting the pressure loss in helical coils are the homogeneous 
method and the Martinelli-Nelson method. Both of these methods 
are modified to account for the curvature of the coils. Generally 
the homogenous procedure gives a good representation of the pressure 
profile; there is disagreement as to the effectiveness of the 
Martinelli-Nelson method. 
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Blanchi and Cumo [42] modified the homogeneous model with a 
correction factor which is a function of pressure and mass velocity. 
Errors between computed and experimental data were less than 
+ 10%. Which single-phase friction factor used is not stated. 
De La Harpe et al. [19] compared the homogeneous, the Martinelli-
Nelson, and the Levy models. The single-phase pressure drop data 
agreed with the equation proposed by Ito [92]. The best agreement 
with the experimental pressure drop was obtained with the homogenous 
model, although the predicted values were consistently on the low 
side. The method of Levy, based on a momentum-exchange model between 
liquid and vapor, agrees equally well up to about 70% quality but 
were consistently on the high side. The Martinelli-Nelson model 
greatly overpredicted the pressure loss. 
Carter et al. [36] modified the Martinelli-Nelson model using 
the Mori and Nakayâma single-phase friction factor equation. The 
predicted pressure profiles in the fro-phase region agreed very well 
with the measured results. 
Duchatelle et al. [34] used the Martinelli-Nelson method to 
calculate the two-phase pressure drop in the forced convection 
boiling region. Measured single-phase friction factors were slightly 
lower than Mori and Nakayama's predictions, but generally were in 
good agreement with their own data and with Ito's data. The average 
difference between the calculated and experimental two-phase pressure 
drop was 3.5%; the calculated pressure drop was generally too high. 
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Kozekl et al. [22] used the Mori-Nakayama single-phase friction 
factor correlation to modify the Martinelli-Nelson pressure drop 
model. This model considerably underpredicted the two-phase pressure 
drop. 
Owhadi et al. [14], using low pressure water data, modified^ 
the Lockhart-Martinelli correlation with the Ito [92] equation for single-
phase flow. They concluded that this model can be used for estimating 
pressure drop in two-phase flow in coils. 
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III. EXPERIMENTAL APPARATUS 
The Boiling Heat Transfer Experimental Test Loop is located 
in the ISU Heat Transfer Laboratory. This facility was designed 
and constructed specifically for this study. A schematic of the 
loop is shown in Fig. 3.1 and a photograph of the facility is shown 
in Fig. 3.2. Although the design is primarily for flow boiling 
studies, the loop is general in design; heat transfer experiments 
other than the present one can utilize this apparatus. As much 
flexibility as possible has been built into this loop so that a 
wide range of pressures, flow rates, and power levels can be obtained. 
A. Test Loop 
As can be seen by the layout of the flow loop, this is a closed 
system for the circulating fluid, R-113. The majority of the piping 
is 1/2 in. nominal. Type L-hard copper tubing, with the exception 
of the 1 in. water piping and the 3/4 in. piping at the test section 
exit. All piping was insulated with 1 to 1 1/2 in. of fiberglass insu­
lation. The fluid is circulated by a Viking Model 6-0510-1851 gear 
pump. A 2 hp variable-speed motor allows for control of the liquid 
flow rate up to a maximum of about 4 gpm of R-113. 
The fluid is drawn by the pump from the degassing/surge tank. 
This tank serves two purposes. First, it is used in the degassing 
of the R-113. This fluid readily absorbs air, and before data can 
be taken, the air must be driven out of solution and vented to the 
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Fig. 3.2 Photograph of experimental apparatus 
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atmosphere. A 2kw Chromalox Model MT-220-3 Resistance Immersion heater 
is installed at the bottom of the tank to boil the refrigerant. A 
variac is used to adjust heater power. The R-113 vapor and liberated 
air rise through the water-cooled condenser mounted above the degassing 
tank; most of the R-113 condenses and flows back to the tank, while 
the air vents to the atmosphere. The second purpose of this tank 
is to serve as a surge chamber. During operation of the loop, liquid 
R-113 is displaced from the preheater/regenerator as a result of 
liquid expansion and vapor generation. The displaced liquid R-113 
is accommodated by this tank. 
Immediately downstream of the pump, the R-113 can take two paths. 
One path is to the test section. The second is a test section bypass 
line leading back to the degassing/surge tank. The bypass line is 
equipped with four valves. The first is an inline pressure relief 
valve set to open if the system pressure exceeds 300 psig; the valve 
was set and tested using a dead weight tester. The next two valves 
(F1 and F2) are flow regulating valves. Although the variable-speed 
pump permits gross adjustments in the test section flow rate, these 
two valves were used at low flows. The motor speed had to be kept 
above its stall speed and the flow rate associated with this was 
higher than that required for tests. 
The fourth valve (SVl in the bypass line) is one of four solenoid-
actuated valves. These four valves were installed for emergency 
shutdown possibilities. When energized, the valves isolate the test 
section and bypass all of the fluid around the test section. All 
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four valves operate simultaneously with the operation of one switch. 
One valve (SV2) Is located at the Inlet and another (SV4) at the outlet 
of the test section. The remaining valve (SV3) opens a line between 
the line to the test section and a line into the preheater/regenerator. 
The preheater/regenerator is an American Standard counterflow 
heat exchanger. Model EF #04096. The liquid R-113 flowing to the 
test section is on the tube side and the hotter liquid and/or vapor 
from the test section is on the shell side. The amount of liquid/vapor 
allowed into the shell is controlled by adjusting flow control valves 
F6 and F7. These valves also control the pressure level in the 
preheater/regenerator. 
Downstream of the preheater/regenerator are electric preheaters. 
Two 2 kw resistance heaters are installed to help control the fluid 
temperature at the test section inlet. Each heater is controlled by 
a rheostat. 
Just upstream of the test section are located flow control 
valves F3 and F4. These valves create a pressure drop which helps 
to alleviate and eliminate thermal-hydraulic flow instabilities which 
can occur in forced convection boiling systems. 
The test section is enclosed in a 28 x 28 x 24 in. box constructed 
of 1/2 in. thick transite. This enclosure serves two purposes. First, 
the space between the test section and walls of the box can be filled 
with a considerable amount of insulation so as to reduce the heat 
loss to a negligible amount. Second, if the tube should burn out or 
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break for any reason, the transite enclosure will prevent the hot 
R-113 from spraying onto personnel who may be working around the 
test facility. 
The power supply is a 75 kw American Rectifier Corporation 
Model SIMSAF611225E Rectifier/Transformer. The maximum output is 
1225 amps and 61 volts. This stepless transformer is motor driven 
and is generally very stable during use. 
Power to the test section is conducted through cables bolted onto 
brass bus bars which are silver soldered onto the test section. 
A conducting paste (Conducto-Lube) is used between the mating surfaces. 
An insulating flange is used at the test section outlet to electri­
cally isolate the test section from the rest of the test rig. Never­
theless, the whole test facility is adequately grounded to prevent 
the possibility of electrical shocks. 
Flow control valve F5 is located at the outlet of the test 
section. The pressure level in the test section is controlled by this 
valve. 
When the hot R-113 liquid/vapor leaves the test section it can 
go either through the preheater/regenerator to the condenser/after-
cooler or directly to the condenser/aftercooler. This heat exchanger 
is an American Standard counterflow heat exchanger Model HCF #02036. 
The R-113 is on the tube side and water is on the shell side. The 
inlet water temperature varied between 45°F and 60°F depending upon 
the season; pressure in the line was usually 70-80 psig. Flow control 
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valve F8 was used to regulate the water flow to the heat exchanger. 
Rotameters were used to measure the flow rate of the R-113. 
The two Brooks Full-View Rotameters Model 1110 had ranges of 0.06 
to 0.6 gpm and 0.43 to 4.34 gpm of liquid R-113. 
The whole system from downstream of the pump to just upstream 
of the flowmeters was pressure tested to 300 psig. No leaks were, 
found. 
B. Instrumentation 
The measured data from the experiment are the inlet, exit, and 
flowmeter fluid temperatures; test section wall temperatures; the 
inlet and exit pressures; the R-113 flow rate; and the power (voltage 
drop and amperage) supplied to the test section. 
All temperatures were measured with 30 ga copper-constantan 
thermocouples hooked up to a data acquisition system. To measure the 
three fluid temperatures, the thermocouples were inserted into a piece 
of sealed stainless-steel hypodermic tubing. The tips of the thermo­
couple probes were positioned at the centerline of the tubing through 
use of Conax packing glands. The flow was turbulent and well mixed 
before the measuring stations so that the mixed mean bulk temperatures 
were obtained in all cases. The wall temperatures of the coiled test 
sections were measured at axial and circumferential locations. For 
the longer test sections (50 in.) fourteen axial locations were used. 
For the shorter (25 in.) unplated test sections, ten axial stations 
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were used. For the plated test sections, three axial stations, 
only at the exit of the test section, were used; this was necessary 
because the wall temperature at the CHF condition at the tube exit 
rose too rapidly to take more data without damaging the test section. 
The axial locations each had four thermocouples positioned 90° 
apart around the circumference with 0° being at the top of the tube. 
For the straight test sections, fourteen thermocouples were spaced 
along the top of the tube. No circumferential temperature distribu­
tions were measured. The thermocouple beads were electrically Insulated 
from the tube wall by a 0.0035 in. thick piece of Teflon tape and were 
fastened tightly in place by additional layers of tape. 
The pressures at the inlet and exit of the test section were 
measured with two 8 1/2 in. Acco Hellcold bourdon-tube-type test 
gauges. They have a range of 0-300 psig, with an accuracy of 1/4 
of 1% of full scale and a least scale division of 1 psi. Both 
gauges were calibrated with a dead weight tester. After adjustment, 
little or no deviation between indicated and calibration pressures 
were recorded. Hence, the uncorrected gauge readings were used in 
all calculations. 
The flowmeters are Brooks rotameters. These rotameters were 
calibrated with water in accordance with the recommendations and 
limitations given by the manufacturer. A weigh tank was used for the 
calibration. Details of the calibration are described in Appendix C. 
The power supplied to the test section was calculated using the 
current through and the voltage drop across the test section. The 
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current was measured using a calibrated shunt with an accuracy of 
1/4 of 1% of full scale. This shunt is located at the junction 
between the power cable and rectifier/transformer. The voltage drop 
across the shunt was measured and the current calculated from the 
calibration of 30 amps/mv. To determine the voltage drop across the 
test section, voltage taps were located on both bus bars. The re­
sistance of these bus bars was very low and the voltage drop across 
them was considered to be negligible. 
All voltage readings were measured using a Hewlett-Packard Data 
Acquisition System. This system consists of 
1) A desk top calculator. Model 9825A 
2) A scanner. Model 3495A 
3) A digital voltmeter. Model 3455A 
Very low thermal contact resistance relays in the scanner (voltage 
drop of the order of 2pv) and high accuracy of the DVM (+2viv) allowed 
for very accurate voltage readings; thus, errors which are introduced 
through this system were considered to be negligible. This system 
is described in more detail in an ISU Heat Transfer Laboratory report 
[94]. 
C. Test Sections 
One straight tube and six coiled tubes were tested. Three of 
the coils were fabricated from unplated tubes, while three were 
plated on the outside half of the tube with nickel to give a nonuniform 
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heat flux distribution. The plated and unplated colls were paired 
so that the effect of the nonuniform heat flux could be determined. 
Generally, two lengths (25 in. and 50 in.) were used for both straight 
and coiled test sections so as to cover a range of outlet enthalpy. 
The coils were formed by bending the tubing around a mandrel 
made from iron pipe. The outside of the pipe was approximately the 
coil diameter. The mandrel had a semicircular groove machined to a 
depth of half the diameter of the tubing. One end of the sealed 
tube was attached to the mandrel and the tube was then pressurized 
with hydraulic oil to between 1000 and 1800 psia, depending on the 
coil diameter. After coiling, if inspection revealed ripples or 
wrinkles on the convex surface of the tube, the coil was discarded 
since roughness in the tube wall could bias the results. Some de­
formation in the tubes' diameter was experienced, though generally 
the ellipticity was slight. Except for the first coil made, which 
had a difference in major-to-minor diameter of 0.010 in., the 
variation in a major-to-minor diameter was on the order of only 0.002 in. 
To obtain the nonuniform heat flux, nickel was electrolessly plated 
on half of the outside diameter of the tube after the tube was coiled. 
Since the nickel has a lower resistivity than the stainless steel base 
material, more of the current flowed through the nickel layer, resulting 
in a higher heat generation rate in that half of the tube. The company 
which did the plating changed its process between the time the first 
coil was plated and the time the other two coilsjwere plated. As a re­
sult, the first coil had a maximum nickel thickness of 0.006 in. while 
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the other two had a maximum nickel thickness of 0.004 in. The thick­
ness of the nickel varied 0.001 in. between the 90° location and the 
0° and 180° locations. This continuous variation was consistent 
with all three coils and was caused by the plating process. 
A photograph of three of the test sections is shown in Fig. 3.3. 
Test section dimensions are shown in Table 3.1. The coils had an 
unheated entrance and a short exit length. The pressure taps were 
located at the beginning and end of these lengths. The coil diameter 
was measured from tube centerline-to-centerline. The variation in 
length for Test Sections 3 and 12 were due to installation con­
siderations. The bus bars on Test Section 6 inadvertently shifted 
during soldering. Test Sections 13 and 16 were shortened to conserve 
tubing. 
Fig. 3.3 Photograph of test coils with thermocouples attached 
Table 3.1 Test Section Dimensions 
Test Inside Coil Heated Total Approx. Helix Pitch Tube Plating 
Section Tube Diameter d Length Coil No. of Angle in./Coil Thick­ Thick­
No. Diameter in. D in. Length Colls in deg. ness ness 
in. in. Heated in. (at 270°) 
Length 
1 0.300 _a 25 _ _ ... 
2 0.300 - • - 50 - - — - - -
3 0.293 16.125 0.0182 51 300 1 1.78 l.OCO 0.010 
4 0.293 16.125 0.0182 25 300 1/2 1.78 1.000 0.010 — 
5 0.300 8.500 0.0353 50 252 2 1.68 0.625 0.006 -
6 0.300 8.500 0.0353 49.5 197.5 2 1.68 0.500 0.006 • — 
7 0.300 8.500 0.0353 25 198 1 1.68 0.500 0.006 — 
8 0.300 8.500 0.0353 25 155 1 1.68 0.500 0.006 — 
9 0.300 4.625 0.0649 50 116 3 1/2 3.87 0.500 0.006 • — 
10 0.300 4.625 0.0649 25 116 1 3/4 3.87 0.625 0.006 — 
11 0.300 4.625 0.0649 25 137 1 3.87 0.625 0.006 
12 0.293 16.125 0.0182 51 246 1 1.78 1.000 0.010 0.004 
13 0.293 16.125 0.0182 48 246 1 1.78 1.000 0.010 0.004 
14 0.293 16.125 0.0182 25 223 1/2 1.78 1.000 0.010 0.004 
15 0.300 8.500 0.0353 50 233 2 1.68 0.500 0.006 0.006 
16 0.300 8.500 0.0353 48 237 2 1.68 0.500 0.006 0.006 
17 0.300 8.500 0.0353 25 195 1 1.68 0.500 0.006 0.006 
18 0.300 8.500 0.0353 25 161 1 1.68 0.500 0.006 0.006 
19 0.300 8.500 0.0353 25 131 1 1.68 0.500 0.006 0.006 
20 0.300 8.500 0.0353 25 106 1 1.68 0.500 0.006 0.006 
21 0.300 4.625 0.0649 50 208 3 1/2 3.87 0.625 0.006 0.004 
22 0.300 4.625 0.0649 50 158 3 1/2 3.87 0.625 0.006 0.004 
23 0.300 4.625 0,0649 25 109 1 3/4 3.87 0.625 0.006 0.004 
^ot applicable. 
64 
IV. EXPERIMENTAL PROCEDURE 
A. General Operating Procedure 
Before taking any data, the R-113 was degassed so that gas evolu­
tion in the test section would not bias or affect the tests in any 
manner. A standard procedure was developed to ensure very low levels 
( < 0.05 ppm by volume) of dissolved gases in the refrigerant. Gener­
ally, after three or four operating days small amounts of liquid R-113 
had to be added to the system to replace that which was lost through 
the condenser. The system had no air leaks; hence, only on those 
days was additional degassing required since air was introduced into 
the surge tank along with the liquid R-113. The degassing procedure 
is described in the following paragraph. 
After the loop was initially filled with R-113, a Seaton-Wilson 
Model AD-4003B AireOmeter was used to measure the dissolved gas content. 
The refrigerant was circulated through the system (at about 0.75 gpm) 
with the degassing heater turned on. Every fifteen minutes the gas 
content was measured until the concentration of dissolved gases 
reached the desired level. This took about 11/2 hours. For 
three succeeding days, a small amount of R-113 was added to the 
system and this same procedure was followed. On these days the gas 
content decreased to the required level in approximately 30 minutes. 
It was decided that a one hour warm up/degassing time period before 
testing was sufficient to purge the system of any unwanted gases. 
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Testing began after this warm-up time. The test section flow 
rate and pressure level were set by varying the motor speed and 
adjusting the bypass valve (F1 or F2), the inlet flow restriction valve 
(F3 or F4), and the exit valve (F5 or F9). (See Fig. 3.1.) Flow 
rate and exit pressure were maintained at constant values through­
out the test; only slight variations, which were easily corrected, 
were observed. The test-section inlet fluid temperature was controlled 
by adjusting the electric preheaters and by controlling the pressure 
and flow rate through the preheater/regenerator by adjusting valves 
F6 and F7. A valve upstream of the flowmeters was used to maintain 
a pressure of between 40 and 50 psig on the refrigerant side of the 
aftercooler so that the flow through the flowmeters was steady and 
was not affected by the condensation in the condenser/aftercooler. 
The test-section power level was increased in small steps. Cal­
culations indicated that these increments should be in the range of 
1-2% at the lower power levels and 1% at the higher power levels. 
At each set point no significant drift occurred in the power. During 
and after each power adjustment, eight thermocouples at the exit of 
the test section were continuously scanned and their temperatures 
displayed on the calculator. This scanning took about 0.3 sec. If 
no rapid temperature rise of one or more of the thermocouples was 
indicated and steady state operation was reached (usually in 5-10 
sec), all fluid temperatures and the power level were scanned and 
printed. If necessary, adjustments in inlet temperature and exit 
pressure were made. 
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After the power was Increased, If one or more wall temperatures 
rose rapidly relative to the other wall temperatures, indicating a 
CHF condition, the data acquisition system was commanded to scan all 
the data inputs and store the data. At the completion of this task, 
test section power was either lowered or shut-off completely de­
pending upon the severity of the temperature rise. This procedure 
took less than one second. Generally, the temperature rise, during 
this time, was in the range of 30° to 90°F, with the power being shut 
off quickly enough so that no damage to the test section occurred 
due to the overheating. However, if damage was indicated during 
subsequent operating checks, the test section was discarded and a new 
one was prepared. 
During the data acquisition, the inlet and exit pressures were 
also noted. These data along with the flow rate were entered through 
the keyboard of the calculator and the data were reduced and printed 
out. If the reduced data appeared satisfactory, the flow rate and/ 
or inlet temperature were changed to the next planned operating point 
and the procedure was repeated. This operating procedure was used 
for both the straight and coiled tube tests. 
B. Data Reduction 
The information obtained from the data reduction program include 
the local heat flux, fluid temperatures, pressures, qualities, inside 
wall temperatures, and heat transfer coefficients. 
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The Input power used in all calculations was the measured electri­
cal power input. As mentioned in the preceding chapter, the test 
sections were heavily insulated. Calculations indicate that heat 
loss to the surroundings is less than 1% of the total power input. 
Therefore no corrections were necessary for the power input. During 
the single-phase test runs in the coils, if the calculated thermal 
power gain of R-113 deviated from the electrical power input by more 
than +5%, the run was rejected. For the straight tube subcooled 
CHF runs, the criterion for acceptance was + 10%. Because of operating 
experience gained with the straight tubes, the criterion for accept­
ance of subcooled CHF runs in the coiled tubes was lowered to + 5%. 
The local bulk temperatures at the wall measuring stations were 
computed from the inlet temperature, flow rate, and actual power input 
up to that station. The enthalpy of the liquid was used in all 
calculations. For two-phase tests, the local pressure was calculated 
and the corresponding saturation temperature was determined. 
The local pressure was calculated by using the Mori-Nakayama 
[18] curved tube single-phase friction factor in the single-phase 
region and the homogeneous pressure drop equation in the two-phase 
region. A first approximation used in the calculation procedure is 
to assume a linear pressure profile using measured inlet and outlet 
pressures. Using this pressure representation in conjunction with 
the power input and mass flow rate, the approximate local qualities 
can be computed. These qualities are then used in the homogeneous 
pressure drop equations to estimate a more accurate pressure profile. 
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The calculated outlet pressure is compared to the measured outlet 
pressure and then the total pressure profile is adjusted so that the 
two outlet pressures agree. Using this adjusted pressure profile, 
the local qualities along the tube are calculated. 
The inside wall temperature and heat flux are determined by solving 
the steady-state heat conduction problem for a cylinder, assuming 
constant thermophysical properties. The wall thickness is small, 
and the temperature drop is small enough that the property variation 
due to temperature gradient is negligible. The standard solution 
for a constant-wall-thickness cylinder is modified to take into 
account the circumferential variation in wall thickness, which 
results from the bending process, as well as changes in heat and 
electrical conduction lengths and areas. The same basic approach, 
with modifications, is used for the plated tubes. Circumferential 
conduction is considered to be not significant because of the thin 
tube wall, low metal thermal conductivity, and high heat transfer 
coefficient. Details of the problem formulation and solution can 
be found in Appendix B. 
The local heat transfer coefficients were calculated using the 
appropriate local fluid temperatures, heat flux, and inside wall 
temperature. Since the heat flux and wall temperature varied greatly 
over the circumference of the tube, the circumférentially averaged 
heat transfer coefficient was obtained by numerically integrating the 
local coefficients using Simpson's Rule. This average varied only 
slightly from the arithmetic average. 
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Subroutines were written describing the necessary thermophysical 
and thermodynamic properties of the R-113. The properties were 
described as functions of temperature and/or pressure. A listing of 
the property equations is given in Appendix E. 
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V. CHF IN STRAIGHT, UNIFORMLY HEATED TUBES 
A. Introduction, Experimental Apparatus, and Description of Tests 
To help determine the improvement or degradation in the heat 
transfer performance of the helically coiled tubes, two straight, 
uniformly heated test sections were tested for CHF. These tests 
served as the baseline reference for all the succceeding coiled tube 
tests. Whereas other investigators have used vertical straight tube 
test sections for their reference cases, it was felt that a horizontal 
tube would provide a better reference for coils whose axes are verti­
cal. Since the helix angles for the present test sections are small 
(< 4°), short sections of the coils are very nearly in a horizontal 
plane. To compare this situation with a vertical tube would not 
appear to be logical since some effects, such as buoyancy, can be 
significant in horizontal tubes but not necessarily in vertical 
tubes. 
The inside tube diameter of both test sections was 0.300 in. 
The heated lengths were 25 and 50 in. A straight entrance length of 
16 in. preceded the heated section. Fourteen thermocouples were 
located along the upper tube wall. Ten were located at one-inch 
intervals beginning a half inch from the test section outlet: four 
additional thermocouples were then spaced at two-inch intervals. 
The other experimental equipment and operating procedures are as 
described in Chapters III and IV. The procedure used in identifying 
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the CHF is detailed in the next section. 
The data from 93 test runs are reported. The results are tabu­
lated in Table F.l. The tests were performed with an outlet pressure 
of approximately 137 psia; 80% of the pressures were within + 2 
psi, with the rest being with + 4 psi. Seven mass velocities from 
400,000 lbm/hrft2 to 4,000,000 Ibm/hrft^ were used with heat fluxes 
ranging from 17,000 Btu/hrft^ to 248,000 Btu/hrft^. Subcooled and 
quality CHF's were obtained. For tests with subcooled liquid at the 
exit, if the energy balance was within + 10%, the run was accepted. 
B. Identification of CHF 
One of the tasks in this study was to develop criteria for 
identifying CHF in the straight and coiled tubes. These criteria 
were to be consistent and reproducible as far as the experimental 
data were concerned, and were to adequately represent the physics 
of the problem. Hsu and Graham [95] and Collier [96] both define the 
CHF condition as an "inordinate" increase or "sharp rise" in wall 
temperature for a small increase in heat flux. These are indefinite 
terms which can have different meanings or values to different re­
searchers . 
Two of the more commonly used techniques for identifying CHF 
in straight tubes are as follows. A "DNB detector" consists of two 
thermocouples located several (4-5) inches apart on the test section 
wall; one is generally within an inch of the outlet bus bar. After 
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the power to the test section is raised, a comparator system initiates 
power shut off if the downstream temperature rises above the up­
stream temperature by a set of number of degrees. Another method 
is to compare the voltage drops across two lengths of the test section, 
one near the outlet bus bar and the other farther upstream. Since 
the electrical resistivity of tube metals increase with increasing 
temperature, the voltage drop increase would indicate a rising 
temperature. When the downstream voltage drop Increases much more 
rapidly than the upstream voltage drop, a sensing system with a 
predetermined value for the rate of increase will Initiate power 
shut off once this value is reached. In neither of these systems does 
the researcher know what is happening to the temperature profile 
along the tube wall. 
In the present system the temperature profile was obtainable 
during the CHF tests. As the test section power was slowly raised, 
in Increments of the order of 1-2%, before the "classical CHF" 
occurred (with its rapidly Increasing wall temperature at the outlet 
wall temperature sensing location), there was a change in the 
slope of the temperature profile, (T^-Tg^j.) vs. L, near the outlet. 
This was a stable condition and Indicates a slight degradation in 
the heat transfer coefficient. It appears as if some sort of vapor 
blanketing was occurring before the CHF condition was reached. With 
each Increase in power, the slope changed slightly until a drastic 
reduction in the heat transfer coefficient occurred and the outlet 
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wall temperature soared. Power was shut off at this point; this took 
less than one second. Schematically, this process is shown in Fig. 
5.1. 
"CLASSICAL CHF" 
Fig. 5.1. Schematic of wall temperature profile near the CHF condition 
Figures 5.2a through 5.2d are data showing the wall temperature pro­
file at the final power level for four test runs. Note that these are 
transient profiles, not steady-state conditions. The operating 
conditions are indicated on the figures. No data were recorded showing 
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a whole family of curves as shown in Fig.5.1. What was being expected 
was the "classical" CHF condition. Only later did this slight 
degradation preceding the CHF appear to be a consistent and note­
worthy occurrence. 
Generally, when the final power level was reached, only the 
last two thermocouples indicated this drastic temperature rise, with 
the second-to-last thermocouple not showing as steep a temperature rise 
as the last thermocouple. At the higher mass velocities and heat 
fluxes, only the last thermocouple reading rose dramatically. At 
lower mass velocities and heat fluxes, the elevation in temperature 
extended five to six inches along the tube,with the last thermo­
couple showing a steeper rise than the rest. If the data were not 
taken immediately upon initiation of the temperature transient and 
the power reduced, the dryout zone did not appear to propagate 
upstream past the last, or sometimes the second-to-last, thermocouple 
location. 
To be consistent with other researchers, the exit quality 
should be used with the final power level. However, there can be a 
serious degradation in the heat transfer coefficient toward the outlet 
of the test section at just slightly lower heat flux levels (as 
shown in Fig. 5.1) and at the CHF condition (as shown in Fig. 5.2) 
which would not show up with conventional detection systems. These 
reductions in the heat transfer coefficient are of the order of 50 
to 75%. 
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In many tests with G ^  1.1 x 10^ Ibm/hrft^, only the outlet 
thermocouple showed a drastic rise in wall temperature. In these 
cases the local quality at that location was used to identify the 
CHF condition. In those cases where there was an elevation in wall 
temperature at several thermocouples, the CHF condition was identified 
at that thermocouple location with a 30°F rise in the wall tempera­
ture; this was usually the outlet or next-to-last thermocouple 
location. Again the local quality was used. With comparator methods, 
the CHF condition could be overshot and pushed upstream, but the 
researcher would not necessarily be aware of that. Hence, it would 
appear that it is necessary to have axial temperature measurements 
for fluids, such as R-113, and systems which exhibit less dramatic 
or more extended CHF symptoms. 
For the lowest two mass velocities a slightly different defini­
tion was required. In the subcooled region for the 0.77 x 10^ Ibm/ 
hrft2 tests, upstream dryouts occurred, followed by a rewetting of 
the wall. The CHF condition was identified at that upstream location. 
Several runs had such erratic temperature profiles that no data are 
presented here. An example is shown in Fig. 5.3. No data are given for 
these tests. At 0.4 x lO^lbm/hrftZ, only two CHF points in the sub-
cooled region could be identified with any confidence. Generally, the 
upstream DNB/dryout was relatively stable, and, although the 
temperature fluctuated at times as much as 10-20°F, the temperature 
level remained approximately constant. These dry patches were 
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short in length and were followed by a normal nucleate boiling 
section. In several runs, this dryout and rewet occurred several 
times along the tube. In the quality region for both of these lower 
mass velocities, the procedure used for the higher mass velocities was 
used with confidence to identify the CHF condition. 
The reasoning behind the decision to use the local quality at 
the final thermocouple instead of the outlet quality is as follows. 
Assume that the heavy solid line in Fig. 5.4 is the characteristic 
CHF-x curve for a particular system at a set pressure, diameter, and 
mass velocity. 
q" 
LOCUS 
. —^ n !I 
OPERATING LINES -
0 Xg x^ X • 
Fig. 5.4. Schematic (exaggerated) of procedure for specifying CHF quality 
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The operating lines for the exit and for a location slightly up­
stream are shown. If the heat flux had not been raised from to 
q^, the CHF condition would have occurred only at the exit. However, 
increasing the heat flux moves the conditions for CHF upstream as 
shown. 
Conduction losses at the outlet bus bar can delay the onset of 
the CHF. If all the conditions were right for DNB or dryout to occur 
at the outlet at q^^x^, DNB/dryout might not take place because of 
conduction losses at the bus bar. It would then be necessary to 
raise the heat flux slightly (to q'p. The first indication of 
rapid overheating of the tube wall would be at the first thermo­
couple location upstream from the outlet. If this location is over­
heating, then obviously the 1/2 in. or 1 in. length to the bus bar 
must be also overheating. Hence, it is necessary to use the up­
stream quality when specifying that quality which corresponds to q'^. 
For these tests the difference between the exit quality and the up­
stream quality was small, for the most part being less than 0.015, 
though occasionally it was as much as 0.05. Although this is a small 
displacement on the typical CHF plot,it was felt that the distinction 
should be made. The validity of this procedure is confirmed by a 
study by Bennett et al. [97]. They showed that when the CHF condition 
is moved upstream by increases in the heat flux, the q"-'x curve 
identified for the exit will also predict the upstream CHF. Hence, 
the changes in location of the CHF condition by raising the heat 
flux will be matched by changes in the critical quality. 
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C. Results and Discussion 
The CHF data obtained from the two straight test sections (Figs. 
5.5a through 5.5h) exhibit the same characteristics and trends as 
found in previous studies performed either with water or refrigerants, 
e.g., [98-100]. As shown in the figures, at any one mass velocity 
there is a generally linear relationship between the CHF and quality. 
In the subcooled and low quality regions, the CHF increases with 
increasing mass velocity and decreases with decreasing subcooling. 
As shown in Fig. 5.5h at low quality an inversion occurs, and the 
CHF then decreases with increasing quality and mass velocity. Griffel 
and Bonllla [100] suggest that this reversal occurs because of 
different mechanisms for the CHF in bubbly and annular flow. For 
the present conditions, this transition is expected to occur at 
about 10-20% quality. 
Small pressure variations were noted during some of the test 
runs. These pulses, up to about +5 psl, occurred mainly at low 
outlet subcooling and at the higher mass velocities; no steady 
frequency was observed. The high pressure drop (120-150 psl) across 
the inlet throttling valve minimized this type of instability. 
Whenever the temperature of the fluid was high enough so that subcooled 
boiling could take place near the outlet of the test section, with 
little or no throttling, pulses in the order of + 60-75 psl were 
observed. The pressure fluctuations were accompanied by flow fluctua­
tions. While flow and pressure fluctuations have been shown to 
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cause a decrease in CHF [101-103], the pressure variations observed 
here (with inlet throttling), though probably reduced due to pressure 
gauge damping, are much smaller than those required to cause a 
noticeable or significant degradation in the CHF level. 
Buoyancy effects must be considered in the present system. 
Various studies, e.g., [104-111] for water and refrigerants in vertical 
downflow and in horizontal flow, have shown that buoyancy reduces 
the CHF when compared to vertical upflow. The main influence of the 
buoyancy force appears to be in the subcooled and bubbly flow regimes. 
However, at lower mass velocities, the CHF is reduced in the quality 
region also. As the mass velocity increases, the differences between 
vertical upflow and horizontal flow diminish, and at high mass velocities 
the data are indistinguishable. 
Buoyancy can be used to explain the upstream dryouts and the 
erratic wall temperature profiles obtained in this study. Phase 
stratification will occur as a result of the buoyancy forces acting 
on the two phases in horizontal flow. At mass velocities lower than 
some critical value, vapor bubbles migrate toward the top of the 
tube and remain there. At lower mass velocities the turbulence 
level is perhaps insufficient to supply liquid to the wall and 
prevent a stable vapor blanket from forming. The resulting dry patch 
could be localized and stable since the liquid tends to wet the 
surface well, and in the subcooled region liquid could splatter on 
the dry patch, thereby preventing a catastrophic overheating. Like­
wise, around the circumference of the tube, normal nucleate boiling 
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could occur. Circumferential conduction to these colder areas would 
prevent the growth of the dry area. With the benefit of hindsight, 
it would have been informative to put more thermocouples on the straight 
tube to measure the circumferential temperature distribution. 
Thompson and Murgatroyd [112] state that nucleation is the main 
thermal instability for the formation of dry patches in liquid films 
with heat transfer. The stability of the dry patches is suggested 
to be governed by the relative magnitude of the film flow deceleration 
and surface tension forces. For stability, these two forces need 
to be equal. Rough calculations, using an estimated film thickness 
of k^/h,indicate that for the present system these two forces are 
approximately equal. Hence, the appearance of stable dry patches in 
this study are consistent with the findings of Thompson and Murgatroyd. 
Merilo [111] suggests that the probable cause for the downstream 
rewetting is an instability of the vapor/liquid interface, or that the 
initial upstream DNB occurs before bubble detachment; then the 
improved downstream heat transfer due to bubble detachment may be 
sufficient to keep the downstream area wet. 
The behavior of the present CHF data is consistent with other 
investigations. In the subcooled region, CHF decreases with de­
creasing mass velocity and quality. At low quality, a reversal 
occurs and CHF then increases with increasing mass velocity and 
decreases with decreasing quality. Buoyancy causes a degradation in 
CHF at lower mass velocities. 
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D. Correlation of CHF Data 
Tong et al. [113] suggest that to develop a correlation for 
subcooled CHF the boiling number (Bo = q'VH^gG) can be related to the 
two-phase friction factor because of hydrodynamic similitude. The 
friction factor is proportional to Re^^'^. They developed an equation 
to predict the data of Coffield et al. [98] for subcooled CHF with R-113 
in a vertical test section, 0.402 in. in diameter and 30 in* heated 
length. For horizontal flow, the influence of buoyancy on the CHF 
is affected by the relative magnitudes of the buoyancy and inertia 
forces. So if the boiling number is plotted as a function of Reynolds 
number, Re^, based on the saturated liquid viscosity, with the critical 
quality as the parameter, there should be a change in the slope of 
the resulting curves due to CHF degradation caused by buoyancy. 
Data from six of the seven mass velocities were curve fit as 
linear functions of x^^. The lower mass velocity data were not used 
because of insufficient data in the subcooled region and erratic 
data due to buoyancy. These equations were used to cross-plot the 
data as shown in Fig. 5.6. It is quite evident that there is a 
definite break in the curves around Re^ = 70000-75000, which corresponds 
to G =1.5 X 10^ Ibm/hrft^. 
A correlation was developed for the highest three mass velocities 
where buoyancy apparently had little effect. An attempt was made to 
use Tong's form of equation where 
Bo = Re^ "^'^(a+bx) (5.1) 
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Fig. 5.6. Variation in boiling number with Reynolds number and quality 
94 
However, it was found that the constants a and b in the quality term 
were functions of Re^. The nondimensional correlation obtained 
is 
Bo.= rr^ = Re~° *^[1.234-3.873xlO~Se+(-1.367-3.150x 
HfgG s s 
10~^Reg)x]C (5.2) 
where C is a correction factor to be developed below. 
To determine the effect of buoyancy, first the ratio of buoyancy 
1 2 (2/3gd(p^-p^)) to inertia ) forces had to be determined. This 
ratio can be reduced to 
Gr 
Re2 
,3/ \ 21 
gd (Pt-Pv)Pa (5.3) 
s 
where Pg^ is evaluated at the local temperature. Bertoni et al. 
[109] used the inverse of this to correlate the effect of buoyancy 
in vertical downflow. The ratio(Bo^,^/Bo , ) for this data were 
exp • calc • 
2 plotted as a function of Gr/Re^. From Fig. 5.7, it can be seen that 
2 
there is a linear deviation from 1 as Gr/Re increases. No trend could 
s 
be discerned for the effect of quality. A correction factor was 
developed by which Eq. 5.2 is modified to account for buoyancy-
induced degradation in the CHF. It is 
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Fig. 5.7. Effect of buoyancy on the boiling number 
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for ^  - 0.0127 
= 0.40(^ \ 
\Re / 
-0.21 
(5 
for Gr < 0.0127 
Re 
s 
C = 1.0 
The magnitude of C is about 0.6 at G = 0.77xl06ibm/hrft2. 
All the data from this study (excluding that from G = 0.4x10^ 
lbm/hrft2) were compared to the correlating equation and, as shown 
on Fig. 5.8, the comparison is very good. Coffield's data, re­
evaluated using the fluid properties equation from this study, are 
compared on Fig. 5.9. A pressure function (e 0.783p/p^^^ developed 
by Tong et al. [113] was used to correlate Coffield's 137,190, "and 
300 psia data. The agreement is not so good at the higher heat 
fluxes, though it does adequately represent the data at the lower 
heat fluxes. 
2 
It should be noted that the variation in Gr/Re^ is due mainly 
to the Reynolds number. The bubble Grashof number varied only from 
8 8 
about 1.17x10 to 1.43x10 . However, calculations for pressures 
from 40 psia to 300 psia and qualities from -0.5 to 0.0 show only 
a factor of two variation in Gr, and that Gr goes through a maximum 
between 137 and 200 psia. 
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VI. HEAT TRANSFER AND CHF IN UNPLATED, 
HELICALLY COILED TUBES 
A. Experimental Results of Single-Phase Heat Transfer 
and Pressure Drop 
The main emphasis of this study was directed toward the CHF 
condition in forced convection boiling. However, as a check of the 
experimental procedure, experimental apparatus, and data reduction 
techniques, single-phase, nonboiling tests were performed with the 
coils and compared to correlations found in the literature. 
A total of 59 single-phase, nonboiling test runs was made 
with the three coils. The Reynolds number ranged from 7,100 to 120,000. 
The lower end of this range was slightly above the transition Reynolds 
number as calculated by Eq.A.l. The flow was fully developed. The 
Prandtl number varied between 5.5 and 7.7, the heat flux ranged from 
4,400 to 39,000 Btu/hrft^, and the wall-to-fluid temperature difference 
was maintained between 30*F and 70°F. For a test run to be accepted, 
the energy balance between the electrical power dissipation and the 
enthalpy gain of the fluid was required to be within + 5%. 
The local inside wall temperatures and heat fluxes were calcu­
lated by the procedure outlined in Appendix.B. Fluid properties were 
evaluated at the film temperature. Local heat transfer coefficients 
were calculated with the local values of wall temperature and heat 
flux. The circumferentially averaged local heat transfer coefficients 
were obtained by Simpson's Rule. 
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As in other experiments, the heat transfer coefficient in 
the coil was higher than that in a straight tube. The heat transfer 
coefficient at the outside of the coil was about double the coefficient 
at the inside of the coil. The circumferentially averaged local 
heat transfer data from the three coils are shown in Fig. 6.1. The 
Seban-McLaughlin [16] correlation (Eq. A.8) is shown for comparison. 
As can be seen, the agreement is excellent for the majority of the 
Reynolds number range. Using Eq.(A.8), at Re = 20,000, the ratio of 
coiled-to-straight tube heat transfer coefficients is 1.10 for the 
large coil and 1.25 for the small; at Re = 100,000, this ratio is 
1.19 for the large coils and 1.35 for the small coil. The data tend 
to diverge from the correlation at Re= 20,000. Why this occurred 
in all three coils is unknown. Since no straight tube single-phase 
data were taken as a reference base, there is no way of discovering 
if this trend is due to the system or due to the heat transfer process. 
As d/D increases, the data shift from being coincident with the 
predicted value for the large coil to slightly lower (about 12%, 
at higher Reynolds numbers) for the small diameter coil. Though the 
differences are small, the consistent nature of the shift with d/D 
may indicate a slightly weaker dependence on d/D than predicted by 
Eq. (A.8). 
Two other correlations were also compared to the data. The Mori-
Nakayama correlation (Eq. A.5) predicted the data very well also, 
with about the same accuracy as the Seban-McLaughlin correlation. 
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6.1. Comparison of circumferentlally averaged heat transfer coeffi­
cients from the coiled tubes with the Seban-McLaughlin [16] 
correlation 
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The data fell within + 10% of the correlation. The Schmidt correla­
tion (Eq.A.9) consistently underpredicted the data by about 20%, except 
for the data from the two larger coils which trailed off at Re = 
20000, as noted above; for the tightest coil, the data were adequately 
represented. Schmidt [91] did not test a straight tube but used the 
familiar Colburn equation as his reference base. The accuracy of 
the Colburn equation has been questioned [114,115] since it tends 
to underpredict data with increasing Prandtl number. 
The isothermal friction factor equation developed by Mori and 
Nakayama [18] was used to calculate the nonisothermal pressure drop 
through the test sections. The friction factor was not corrected 
for heating conditions. Fig. 6.2 shows that although there is 
generally good agreement between the correlation and the present 
data, the correlation underpredicts the pressure drop at the largest 
d/D. (Data at pressure drops < 2 psi are not shown since pressure 
measurement inaccuracies are very significant.) 
Since the friction factor is sensitive to changes in the velocity 
profile caused by a temperature gradient, if a correction for non-
isothermal coil flow were applied to the isothermal friction factor, 
perhaps a better agreement with the data would be obtained. With 
electric heating of coils, the heat flux and temperature vary around 
the circumference, and, hence a nonisothermal correction factor for 
coils could be a function of d/D, since the velocity profile will 
change with the temperature nonuniformity. Rogers and Mayhew [20] 
suggest using a correction developed for straight tubes that uses the 
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ratio of bulk-to-wall Prandtl numbers. They got reasonable agree­
ment between isothermal and nonisothermal friction factors using 
this method. However, they point out that when higher heat fluxes 
are involved, the film temperature correction is not sufficient to 
account for the effects of the temperature gradient. 
There is a clear progression of the data. Both the heat transfer 
and pressure drop data are underpredicted with increasing d/D. It 
is probable that the present data simply have a different d/D effect 
than that given by Mori and Nakayama. 
B. Two-Phase Heat Transfer and Pressure Drop 
1. Experimental results 
A total of 217 subcooled and quality boiling heat transfer test 
runs were performed on the three coils. Of these, the data from 172 
CHF runs are tabulated in Tables F,2 through F.4. The remainder of 
the runs were either non-CHF tests, or tests with which equipment 
problems caused very questionable results. Eight mass velocities 
from 400,000 Ibm/hrft^ to 4,000,000 Ibm/hrft? were used with heat 
2 2 
fluxes ranging from 17,000 Btu/hrft to 182,000 Btu/hrft • . The pressure • 
at the CHF condition was about 137 psia, with 93% of the data within 
+ 2 psi and the rest within + 4 psi. Critical qualities varied from 
-0.50 to +0.94. 
For the boiling heat transfer runs, the pressure profile in the 
test section was required so that the quality could be calculated at 
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the local conditions. The single-phase portion in the tube was 
calculated as described in the preceding section. The two-phase 
pressure drop was calculated with the homogeneous pressure drop 
equation corrected for coil effect. The overall calculated pressure 
drop then was compared to the measured pressure drop and adjusted so 
that they agreed. It is felt that the resulting pressure profile 
represented the actual pressure profile well. Fig. 6.3 compares 
the calculated and measured (unadjusted) pressure drops for those 
tests with vapor at the outlet. Pressure drops lower than 2 psi are 
not shown since pressure measurement inaccuracies could be a signif­
icant factor. The data are from all three diameter coils of both 
lengths. Generally the predictions are high by about 20%. No 
stratification of data according to length was noted. 
The operating procedure was as described in Chapter IV. The 
identification of the CHF condition is basically the same as for the 
straight tube tests with one exception. Whereas a 30°F temperature 
rise was used to identify the CHF condition in the straight tubes, 
the coiled tube temperature rise, in some cases, was lower. This was 
consistent with experience of other investigators. Hence, the 
temperature rise criterion for CHF was lowered to 10-15°F. For those 
tests which experienced temperature rises only at the final thermo­
couple, the task of identifying CHF was greatly simplified. Once 
the CHF condition was reached at one circumferential location, the 
dry patch would not necessarily spread around the tube. Only the 
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Fig. 6.3. Comparison of pressure drop from tests with outlet quality with 
prediction of homogeneous pressure drop equation modified to 
account for coll effect 
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Initial occurrence of the CHF condition was recorded in this study. 
Generally, the temperature rise associated with the CHF condition 
occurred first at the inside of the coil. However, as the mass 
velocity decreased, the CHF location shifted from the inside of the 
coil to the top. If there was a temperature rise at both locations, 
indicating the possibility the CHF occurred between two circumferential 
locations, the top of the tube was identified as the point of 
first CHF. Figures 6.4 and 6.5 are typical wall temperature 
profiles for, respectively, a subcooled and a quality CHF run. 
The CHF data are presented on a local basis in Fig. 6.6. The 
data are presented on an average basis in Fig. 6.7. No subcooled 
CHF data were obtained at the lowest mass velocity for the 8.5 in. 
and 16 in. coils. Attempts were made to take some data but erratic 
wall temperature profiles (similar to those experienced with the 
straight tube) were observed which makes identification of the CHF 
condition difficult, if not impossible. It was decided to cease 
attempts to get data in the subcooled region at the mass velocity if, 
after several attempts, no consistent behavior could be observed. 
As can be seen from the three composite figures (Figs. 6.61-6.6k), 
there is a region (a "forbidden zone") in which no data could be 
obtained. For the subcooled region, the inlet temperature initially 
was set at its lowest temperature to get the CHF at the highest sub-
cooling. For each subsequent test, the inlet temperature was raised 20° 
to 40°F. As this "forbidden zone" was approached from the subcooled 
direction along the q^^ vs. x curve, if the heat flux exceeded the 
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preceding test's CHF or instead of a sharp temperature rise, therei 
was a general elevation of the wall temperatures, it was assumed 
that the outlet conditions were in this forbidden zone. No data were 
taken and the operating conditions were changed to the next planned 
tests. In the quality region, initially the inlet temperature was 
set as close to saturation as possible to get the limit of the CHF-x 
curve. For subsequent tests the inlet temperature was decreased 20°F 
to 40°F. During these tests, as the heat flux was being raised, if 
upstream dryouts occurred and were detected, the test was immediately 
terminated with no data taken, since, usually, upstream dryouts caused 
the test section to be ruined (due to fluid decomposition). 
Schematically (Fig. 6.8) the "forbidden zone" can be explained 
as follows. Assume the CHF-x curve for a coiled tube is line ABCD. 
The dashed lines are operating lines. The CHF condition will occur 
at only one point in a tube If a horizontal line at any heat flux 
intercepts the CHF-x curve at only one point. For the figure (Fig. 6.8) 
shown, an exit dryout would occur at x^^= 0 and x^^= x^. However, 
if the inlet quality is reduced to Xg an upstream dryout will occur 
since the CHF conditions are satisfied for both the exit and some 
point upstream. Further reductions in inlet temperature will produce 
additional upstream dryouts until x^ is reached, after which only 
exit dryouts would be experienced. Points on the curve from just 
below C to C' would be unobtainable without length and/or inlet quality 
changes; between B and C no data could be obtained. 
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The problem of upstream dryouts was most severe with the 8 1/2 
in. coil. As can be seen in the figures, few data points in the quality 
region at the lower mass velocities could be obtained. As the mass 
velocity increased to l.lxlO^lbm/hrft^ and beyond, much more data were 
obtainable. Using the "forbidden zone" concept a reason for this 
problem can be developed. The shape of the curve in Fig. 6.8. 
varies with mass velocity and d/D ratio. Point B tends to be lower 
and farther to the right as the mass velocity and coil diameter 
decreases. The heat flux variation between B and C decreases with 
increasing mass velocity and coil diameter. The same inlet conditions 
that cause an upstream dryout in the 8 1/2 in. coil might not cause 
dryout in the 16 in. coil since point B for the 16 in. coil is at too 
high of a heat flux. Similarly for the 4 in. coil, point B is at too 
low a quality. 
For both the upstream and exit dryouts, it was essential to limit 
the temperature rise of the wall and its duration. From a manu­
facturer's bulletin [116] it is reported that R-113 decomposes at 
high temperatures (250-450°F) after a length of time. The rate 
increases rapidly with increasing temperature. When dryout occurs, 
the vapor in the dry patch decomposes much more rapidly than liquid 
and carbon deposits on the tube wall. Even for only a small amount 
of carbon, changes in the heat transfer and boiling characteristics 
would be expected. 
Typically, for an exit dryout with a temperature rise of about 
75°-100°F, and for a duration of approximately 5 sec, the wall 
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superheat, when checked at a heat flux slightly lower than the 
critical value, will have risen to 35°-45°F. Visual inspection of a 
sectioned portion of the tube wall revealed very little carbon but 
the heat transfer characteristics, especially in subcooled boiling, 
were drastically affected. 
During the first stages of this experiment, this decomposition 
occurred for some time but was not recognized. A large number of 
tests were run on this coil with consistent but totally unexplainable 
results. Eventually, it was suspected that scaling had occurred. 
Visual inspection revealed a thick layer of carbon, preferentially 
deposited at the inside of the coil. A photograph of a section of 
this coil and of a normal coil are shown in Fig. 6.9. The data indicate 
that in single-phase flow the heat transfer coefficients were reduced 
by about 50% and in boiling by an order of magnitude. If, during a 
test, scaling was suspected because of changes in the wall temperature 
profile, that test section was discarded and a new one built. This 
problem was not evident in the straight tube tests. The straight 
tube data could be taken much quicker than the coiled tube data. Hence, 
power shut off was quick enough to prevent damaging overheating. 
2. Discussion of the CHF results 
Consider first the subcooled region. Examination of the data 
indicates that there are major differences between the straight and 
coiled tube subcooled CHF. The differences are consistent regard­
less of the value of d/D, but are not consistent with varying mass 
Fig. 6.9 Photograph of sectioned coils with and without scaling (carbon) 
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velocity. In the subcooled region the CHF-x curves decrease mono-
tonically with decreasing subcoollng. The coiled tube data are lower 
than that of the straight tube data with the curves converging as the sub-
cooling decreases. With decreasing d/D and mass velocity the 
coiled tube data approach the straight tube data. 
Miropol'skiy and Pikus [44] found similar trends for subcooled 
water. Hughes and Olsen [51], using R-113 in a square, planar curved 
channel with one wall heated at any one time, found that the convex 
surface had a lower CHF and the concave surface had a higher CHF 
in the subcooled region when compared to a straight channel. The 
results were modeled on the basis of a critical bubble packing density. 
However, their results cannot be extrapolated to a circular, coiled 
tube. A mechanism for the subcooled CHF in coiled circular tubes 
has not been previously suggested in the literature. 
At lower mass velocities,buoyancy effects are evident. For 
G ^  0.77xl06ibm/hrft2, generally the CHF condition occurred at the 
top of the tube instead of at the inner wall as with the higher mass 
velocities. Using high speed photography, Unal [37] noted that at 
about 2300 psia, when the mass velocity of water in bubbly flow was 
reduced from l.lxlO^lbm/hrft^ to 0.56x10^Ibm/hrft^ the bubbles climbed 
toward the top of the tube. The buoyancy force is opposed by the 
centrifugal force. At 0.77xl0^1bm/hrft^ for the 4.625 in. coil, 
dryout occurred at the inner surface while for the two larger coils, 
it occurred at the top of the tube. Other than a brief sentence by 
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Unal, no mention of the effect of buoyancy on the coiled tube 
subcooled 6HF is made in the literature. 
From a review by Bergles [117] on subcooled and low quality CHF, 
a common characteristic noted about the various suggested mechanisms 
for the CHF is the dependence on the local conditions. These models 
dealt mainly with straight,uniformly heated tubes. Likewise, the 
literature review on nonuniform (circumferentially) heated straight' 
tubes (Section II.B.2) also suggested that subcooled CHF is a local 
phenomena. From the data obtained in this experiment, it is also 
concluded that for subcooled CHF in coils the local conditions are 
the important parameters for describing the CHF, and that the 
mechanism for subcooled CHF is, indeed, as suggested in Section II. 
A.l.b. The difference between the coiled and straight tube data 
appears to be attributable to the existence of centrifugal forces 
in the coil flow which tend to preferentially collect the vapor at 
the inner surface, where the heat flux is the highest, thus causing 
a locally high void fraction and initiating dryout at a lower heat 
flux than in a straight tube. At the lower mass velocities, and larger 
coil diameters, the centrifugal forces are less, thus reducing the 
strength of the secondary flow. Vapor would not be so greatly 
affected by the weaker forces so less preferential clotting at the 
inner surface would occur. At some critical mass velocity/coil 
diameter combination, the buoyancy force overcomes the inertial and 
centrifugal forces, resulting in vapor clotting at the top of the 
tube and little difference between the straight and coiled tube CHF. 
138 
Whereas in the subcooled region the centrifugal force has a 
detrimental effect on the CHF, in the quality region the CHF level 
is greatly enhanced as a result of the centrifugal forces caused 
by the radial acceleration. While the present straight tube data 
are limited to the low quality region, it is apparent from examination 
of the overlapping data that substantial gains in the CHF for most 
mass velocities can be realized. 
The data are in agreement with those obtained by other investi­
gators. The data show a consistent increase in CHF with an increasing 
d/D ratio. For a given quality,the CHF initially increases with 
increasing mass velocity, then decreases after reaching about 0.77x10^ 
lbm/hrft2. This mass velocity effect has also been noted in several 
studies. For a 32 in. coil. Carver et al. [38] found that the average 
DNB quality for water at 2600 psia increased with mass velocity up to 
IxlO^lbm/hrft^ then decreased with a further increase in mass velocity. 
This reversal did not occur with a 130 in. coil. Cumo et al. [46,47], 
using R-12 at various pressures in a 7 in. coil, had a reversal 
around O.SxlOôlbm/hrft^. Miropol'skiy and Pikus [44], for water at 
1500 psia in a 20.5 in. coil, had a reversal somewhere in .the range of 
0.6 to 1.5xlo6lbm/hrft^. Other investigators mentioned in the 
Literature Review did not test mass velocities at this high of a level 
and did not observe this effect. No explanations have been offered as 
to why this happens. 
Buoyancy effects, as indicated by the shifting of the initial 
occurrence of the CHF from the inside surface of the tube to the top, 
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begin to be apparent between 0.79 and O.ôZxlO^ibm/hrft^ for the largest 
coil, and between 0.6 and 0.4xl06lbm/hrft2 for the two smaller colls. 
Previous experiences have indicated that the dryout always occurs 
first at the inside of the coil followed by the top and bottom. 
No evidence could be found showing the top of the tube drying out 
first for different fluids, operating conditions, or geometries. 
It is apparent that much more work in the area of buoyancy is re= 
quired to define its effect on the CHF. 
In the lower mass velocity range, the centifugal force apparently 
facilitates the separation of the phases, causing the annuluar flow 
regime to develop at low qualities more rapidly than in straight 
tubes. This force also causes the continuous detrainment of liquid 
drops from the vapor core. The secondary circulation spreads the 
liquid film over the whole perimeter, ensuring a wetted wall. The 
resulting higher liquid film flow causes the CHF in coils to be larger 
than that in straight tubes. Buoyancy effects cause the liquid film 
to grow thinner at the top of the tube. This liquid flows to the 
inside surface delaying dryout there, but contributing to an earlier 
dryout at the top of the tube. 
As the mass velocity and quality increase, perhaps the effect 
of the secondary circulation decreases. Hendricks and Simon [9] and 
Rippel et al. [53] observed less secondary circulation when two phases 
are present in helical coil flow. However, the conditions at which 
these observations were made are not indicated, so little can be 
gained from these observations. Hopwood [7], on the other hand. 
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calculated droplet trajectories for a mass velocity of 0.74x10^ 
Ibm/hrft^. As the pressure increased and droplet diameter decreased, 
the angular trajectory, measured in degrees from where a drop left 
the inner wall to where it struck the outer wall increased. 
From this analysis of a nonevaporating drop, several things 
can be inferred. As quality increases and droplets decrease in size 
due to evaporation there will be less of a tendency of the drops 
to wet the walls since their trajectories will be longer. Higher 
mass velocities would tend to break up the entrained liquid into 
smaller sized drops. With fewer drops reaching the tube wall, the 
liquid film flow rate would decrease. At some critical combination 
of conditions, the continuous beneficial effect of the increased 
centrifugal force, because of increased mass velocity, will be 
balanced and overcome by the breaking up of the droplets because of 
this same increase in mass velocity. Hence the CHF would initially 
increase with mass velocity, reach a maximum, and then decrease with 
further increases in mass velocity. The level of the CHF would still 
be higher than that in a straight tube since the centrifugal forces 
would be present in the coiled tube. 
There has to be a transition zone between the subcooled region 
with its CHF mechanism and the quality region with its much different 
mechanism. This transition zone is determined approximately by the 
change from the bubbly flow regime with a locally high wall void 
fraction to the annular flow regime. In the straight tube, the 
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transition from subcooled CHF to quality CHF is accomplished smoothly, 
as evidenced by the data (Fig. 5.5g), The intervening flow regimes 
apparently affect the CHF level little. 
For the coiled tubes, if the linear portions of the subcooled 
CHF curves were extended to low quality, for all mass velocities 
and d/D ratios the lines would converge at about the same location as 
for the straight tube. This suggests that the flow regime transition, 
if unaffected by the coil effect, would proceed just as in the 
straight tube. However, the coiled tube curves start deviating from 
the linear generally around x = -0.1 to -0.2. At this point the 
void fraction becomes large enough to affect the flow regime and the 
beneficial characteristics of the quality coil flow begin to pre­
dominate over the detrimental subcooled CHF characteristics. Instead 
of continuing to monotonically decrease with decreasing subcooling, 
the CHF-x curve begins to increase with increasing quality until the 
flow regime transition is complete and the quality CHF mechanism 
takes over completely. 
To verify this speculation, a comparison on the data by Miropol'skiy 
and Pikus [44] between the straight and coiled tube void fractions 
versus length was made. The empirical method by Levy, as reported 
by Collier [96], was used to calculate the subcooled void fraction 
in the straight tube. Unal's [37] expression for the coiled tube 
distribution parameter, developed using high pressure water, was 
used in the same equation for the coiled tube void fraction. 
Baker's Plot was used to determine the flow regime even though there 
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is disagreement (as noted in Section II.A.3) as to the location of 
the transition boundaries. For the three mass velocities checked, 
the flow regimes at that quality where the CHF-x curves began to 
upturn, indicate that the flow in the coiled tubes is near the slug-
annular transition line. For the straight tube, the same void fraction 
is reached at a higher quality down the tube. Scaling of some of the 
present R-113 data also was performed. While the validity of the 
scaling to this process is uncertain, qualitatively, the results are 
similar to the results for the high pressure water. At higher mass 
velocities, well-defined slug flow does not exist. It is more of a 
disturbed wispy annular or froth flow. However, because of the 
centrifugal force field, annular flow would be promoted even at high 
mass velocities by detraining the "wisps" out of the core. Hence, 
it is concluded that the flow regime transition does determine when 
the upturn in the CHF-x will occur, 
C. Correlation of CHF Data 
1. Subcooled CHF 
Since the mechanism for subcooled boiling appears to be a local 
phenomena, a correlation describing the coiled tube CHF should take 
the same form of equation as the straight tube. The differences in 
CHF between the straight and coiled tubes can be attributed to the 
presence in the coil of a centrifugal force caused by the geometry. 
The centrifugal force can ca characterized by a nondimensionalized 
radial acceleration 
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_a_ctj^ (6.1) 
g gD 
where V = ^  
with based on the local liquid temperature. 
Using a least-squares technique, the subcooled CHF data were 
fitted to an equation of the form 
= K (6.2) 
^cr,str 
where K is a function of (a/g) and q"^^ is from Eq. 5.2. The 
range of radial acceleration was 0.097 to 14.5. Because of buoyancy 
effects the data were separated into two parts at about G = 1.1x10^ 
Ibm/hrft^. In addition, only those data below x = -0.10 were used 
so that the flow regime transition effects discussed in the pre­
ceding section could be avoided. The resulting equation is; 
K = 0.769(a/g)"°'2G 
^ 
and K = 1 (6.3) 
for (a/g) < 10 
TdT^ 
The comparison of the predicted data with the experimental data 
is shown in Fig. 6.10. As can be seen, the correlation works quite 
well with 83% of the data being within + 20%. Below about 40,000 
Btu/hrft^ the data which deviate substantia:lly from the correlation 
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Fig. 6.10. Comparison of experimental CHF data with predictions from Eq. 6.2 
for X <-0.1 
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are from the 4.625 in. coil at 0.4 and 0.6xl0^1bm/hrft^. If these 
mass velocity data are removed (since no comparable straight tube 
data are available), 92% of the data are within + 20%. 
It is interesting to note that in pool boiling, Kutateladze 
[118] considered burnout as a hydrodynamics phenomena and developed 
an empirical correlation which states that 
Zuber et al. [119] later developed a theoretical hydrodynamic instability 
model for burnout which supports Kutateladze's equation. Other 
investigators, e.g.[120-122] have found through tests to determine 
the effect of acceleration in pool boiling burnout that the data 
show a 1/3-to 1/4-power exponent for (a/g). In view of the different 
physical phenomena, it is not surprising that the acceleration 
functions for flow boiling and pool boiling are different. 
In many instances the local heat flux is not available. The 
prediction equation (6.2) for the coiled tubes can be modified with 
Eq. B.18, which describes the circumferential heat flux distribution, 
to predict the average CHF. For those cases where the initial CHF 
condition occurs at 0°, no correction is necessary since the local 
and average CHF are the same. When it occurs at 270°, 
a (a/g)l/4 
K 
r 
c 
(6.2a) 
rc-(ri+t/2)J 
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2. Quality CHF 
In the quality region few data points are available for the 
straight tube CHF. Hence, the quality coiled tube CHF data were not 
correlated as a ratio as were the subcooled CHF data. 
Dimensional analysis again indicates that the dimensionless 
groups of importance are: Bo, x, d/D, and Re. These four groups 
were used in a least-squares fit technique to obtain the best rep­
resentative equation of the data. Since there is a reversal in the 
behavior of the data because of the mass velocity effects, the data 
were separated into two groups, with the break point being 0.7x10^ 
2 
Ibm/hrft . Not enough data were available to set the break point more 
precisely. Also, only the data greater than x=0.1 were used to 
avoid transition effects. 
The equations obtained are 
for G > 0.7xl0^1bm/hrft^ 
Bo = 17126Re"l'143x-0'436(d/D)0.31 (6.4) 
for G £ 0.7xl0^1bm/hrft^ 
Bo = 0.00000409Re°'^°x~°*^^°(d/D)°*^^ 
where the Reynolds number is based on the saturated vapor viscosity. 
The comparison of the predicted data with the experimental data is shown 
in Fig. 6.11. The correlations work quite well with 96% of the data 
being within + 15%. 
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VII. HEAT TRANSFER AND CHF IN PLATED, HELICALLY COILED TUBES 
A. Experimental Results of Single-Phase Heat Transfer 
A total of 62 single-phase nonboiling test runs was made on 
the three plated coils which had the highest heat flux at the 
outside of the coil. The experimental conditions and experi­
mental procedure were the same as for the unplated coils. 
The circumferentially averaged local heat transfer data from 
the three coils are shown on Fig. 7.1. The Seban-McLaughlin corre­
lation (Eq.A.B) is shown for comparison. The agreement is good. 
The comparisons of the data with the Mori-Nakayama equation (Eq. 
A.5) and the Schmidt equation (Eq.A.9) are comparable to those 
with the unplated coils. The nonuniform heat flux, relative to the 
unplated coil, has no effect on the average heat transfer coefficient. 
The local heat transfer coefficients vary slightly more for 
the plated tube than for the unplated tube. The ratio of outside 
to inside heat transfer coefficients is about two for the unplated 
coil and about 2 1/2 for the plated coil. The energy dissipated 
in the plated portion of the tube contributes to a higher temperature 
in that region, and thus tends to even out the circumferential 
temperature variation which arises because of the fluid dynamics 
and because of the nonuniform electrical dissipation in the base 
tube.. 
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+ 20% 
Re 
Fig. 7.1. Comparison of circumferentially averaged heat transfer co­
efficients from the plated coiled tubes with the Seban-
McLaughlin [16] correlation 
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B. CHF in Plated, Helically Coiled Tubes 
1. Experimental results 
A total of 175 subcooled and quality boiling heat transfer 
test runs was performed on the three coils. Of these, data from 
146 CHF runs are tabulated in Tables F.5 through F.7. These data 
are presented in terms of local heat flux in Fig.7.2, and the data 
are presented in terms of average heat flux in Fig, 7,3. The 
remainder of the runs were either non-CHF runs or tests which had 
equipment problems. Eight mass velocities from 400,000 Ibm/hrft^ 
to 4,000,000 lbm/hrft2 were used, with the local CHF ranging from 
28,000 Btu/hrft^ to 207,000 Btu/hrft^. The inferred pressure at the 
CHF location was nominally 137 psia, with 88% of the data within + 2 psi 
and the rest within + 5 psi. Critical qualities ranged from -0.49 to 0.99. 
The pressure profile was calculated in the same manner as for 
the unplated test runs. The pressure drop was consistent with 
the data obtained with the unplated coils. 
The operating and CHF identification procedures were the same 
as for the unplated coils. However, only the four circumferential 
wall temperatures at the last three axial stations closest to the 
exit were recorded. The temperature rise associated with the critical 
condition was much faster and larger for the plated tubes than for 
the unplated tubes. Initially, the cooplete wall temperature 
profile was obtained. However, many 8.5 in. diameter test sections 
were ruined because of severe overheating. It was felt that to 
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Fig. 7.3c. Average CHF data for plated colled tubes, G-1056 kg/m s 
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get enough CHF data, less wall temperatures would have to be taken 
so that the power shut-off could occur quicker, and, hence, less 
overheating of the tube wall would occur. With the CHF occurring 
at the exit, using only the end thermocouples was adequate. When 
the CHF occurred upstream, the exact location was not known and no 
data were obtained. 
Upstream overheating (detected when the temperature at the 
third-to-the-end thermocouple location rose first instead of the 
outlet thermocouple) occurred for all mass velocities for the 4.625 
in. coil. For the other two coils, upstream overheating occurred 
fi 2 
only at the lower mass velocities (<^1.1x10 Ibm/hrft ). 
Examination of the scorched patterns on the 8.5 in. and 16.125 
in. coils indcated that severe overheating occurred at the outside 
of the coil in the subcooled region. These scorched areas were 
not within the detection range. There was little indication of 
overheating at the inside of the coil. This can be explained by 
looking at a schematic of the CHF-x curves for both the inside and 
outside surface of a helical coil. 
In Fig. 7.4, the two solid lines are the CHF-x curves for a 
helical coil. The dashed lines are the operating lines. Hughes 
and Olsen [51] have shown that the subcooled CHF for the outside 
of the coils is higher than for the inside. The average cross-
sectional quality is the same for both the inside and outside 
surfaces but the heat flux at the outside is always higher than 
that at the inside of the coil. As the heat flux is raised, before 
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CHF LOCUS 
x.^ SUBCOOLING 
OPERATING LINE 
0 
X 
Fig. 7.4. Schematic (exaggerated) of CHF behavior at the concave and 
convex surfaces of a coiled tube on a local heat flux and 
average cross-sectional quality basis 
the operating line for the inside of the coil crosses, the. CHF-x. 
curve for an exit CHF condition, the operating line for the outside 
surface (line No.l) has aready intersected its operating line 
thus initiating an upstream CHF condition. This upstream over­
heating at the outside of the coil did not occur with the unplated 
coils. In these cases, the operating lines for the outside of the 
coll is below that of the inside, which would ensure a later DNB/ 
dryout at the outside surface,or if the CHF locus for the inside 
surface (alternate Inside) is much lower than the outside CHF 
locus. Note that if the outside heat flux is only slightly higher 
than the inside (Line No. 2) the exit CHF condition could be 
reached for the Inside of the coil before the outside CHF was reached. 
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The 8.5 In. coll had a much larger flux tilt than the other 
two colls. The discussion in the preceding paragraph can explain 
why more operating problems were experienced with that coil than 
the other two. With the 16.125 in. coil, at lower mass velocities 
the effect of the secondary flow is weak, leading to a flow not 
much different from that in a straight tube. Also, the flux tilt 
was lower in this coil than the 8.5 in. coil. As discussed in the 
Literature Review, for nonuniform heating of straight tubes, the 
CHF initiated at the location of maximum heat flux. Hence, the 
present subcooled results with the CHF condition occurring at the 
outside surface are consistent with previous investigations. 
2. Discussion of the CHF results 
The subcooled CHF condition in helical coils which have higher 
heat fluxes at the outside of their tube than the inside is a much 
more complex phenomena than that in coils with normal heat flux 
distributions. Since the flux tilt varied from coil to coil 
(because of changes in the supplier's plating process), interpre­
tation of the results to separate the competing and interacting 
effects of varying mass velocity, curvature ratio, and flux tilt 
was made much more difficult. 
The local CHF data for the plated coil (Fig. 7.2) in the sub­
cooled region show a variety of effects when compared to the unplated 
coil data. One of the more significant differences is the smooth 
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transition between the subcooled and quality regions on the CHF-x 
curve at high mass velocities for the two larger coils. Compare, 
for instance. Figs. 6.6f and 7.2f. For the lower mass velocities 
(<l.lxl0^1bm/hrft^) for the two larger coils and for all of the mass 
velocities for the 4.625 in. coil, the behavior is similar to that 
of the unplated coils. The subcooled CHF curve decreases and goes 
through a minimum. Then, at a low quality, the CHF-x curves goes 
through a maximum and again decreases monotonically. (As mentioned 
in the preceding section, few data were obtained in the subcooled 
region at low mass velocities for the 8.5 in. coil because of DNB 
occurring at the outside of the coil.) At higher mass velocities, 
no upstream CHF conditions were encountered, and there was a 
smooth transition between the subcooled and quality regions. Note 
that there is a change in slope of the CHF-x curve at around zero 
quality. This suggests a change in the CHF mechanism between the 
subcooled and quality regions. The transition mechanism will be 
discussed more following the subcooled and quality CHF discussion. 
Overall, the subcooled CHF-x curves decrease monotonically 
with decreasing subcooling. As with the unplated coils, the CHF's 
are lower than those of the straight coils, with the largest degradation 
being with the largest d/D. 
The existence of buoyancy effects was evident at the same mass 
velocities and curvature ratios as with the unplated tubes. At 
0.77 Ibm/hrft^ and below, the inital CHF condition shifted from 
the 270° position to the top of the coll. 
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Generally, the subcooled plated-coil data indicate a degrada­
tion, when compared to the unplated coils, in the local CHF at 
higher mass velocities and curvature ratios. There are improve­
ments in the local CHF with decreasing mass velocity and larger 
coil diameter. The effect of an increasing or decreasing flux 
tilt is somewhat obscured by the other two parameters. However, 
it appears as if the local CHF in the subcooled region is improved 
somewhat with increasing flux tilt. 
There is more vigorous boiling at the outer surface than at 
the inner because of the higher heat flux. The bubbles formed at 
the outside will be swept toward the inner surface as a result of 
the secondary circulation. With the heat flux decreasing as the 
bubbles move around the perimeter, two heat transfer processes are 
competing - condensation at the vapor-liquid interface and heat 
addition at the surface-fluid interface. At a fixed flux tilt 
and curvature ratio, at lower mass velocities, the time required 
for the bubbles to flow around the tube perimeter is long enough so 
that the condensation tends to dominate and the bubbles decrease 
in size. With less vapor reaching the inner surface from other 
portions of the tube,^the bubbles formed at the inner surface are 
the main contributors to the formation of a locally high void 
fraction which then would lead to the formation of a dry patch, as 
in the unplated coil. As the mass velocity increases, the secondary 
circulation increases in strength. For the bubbles in transit, there 
178 
is less time for condensation, and more vapor from the outside 
surface reaches the inner surface. In addition, the heat fluxes 
are higher with the higher mass velocities and tend to begin to 
dominate the condensation. As a result, increasingly more 
degradation, when compared to the normal coiled tube, would be 
evident with increasing mass velocity. 
The effect of the curvature ratio, d/D, is consistent with 
the above explanation for mass velocity. As d/D decreases, with a 
fixed flux tilt and mass velocity, there will be a less strong 
secondary circulation. Hence, the behavior of the heat transfer 
processes would be as described above for the decreasing mass 
velocity with fixed d/D. The local CHF will increase with de­
creasing d/D. This is in agreement with results from straight 
tubes with flux tilt. 
As mentioned above, an Increasing flux tilt in the subcooled 
region seems to increase the local CHF. With the higher heat flux 
at the outside of the coil more vigorous boiling should occur there 
than anywhere else on the perimeter. The secondary circulation 
sweeps the bubbles back toward the inner surface. But as the flux 
tilt increases, the relative heat flux at the inner surface de­
creases. The bubbles from the outside move from a "hot" area to 
a much "cooler" area. The liquid here condenses the vapor much more 
readily than in an unplated tube. In addition, the secondary flow will 
circulate the colder fluid away from the inner surface and sweep the 
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outer surface with it. This could lead to a slight suppression in 
the growth of the vapor bubbles at the outer surface, so that the 
highër heat flux from the higher flux tilt might not necessarily 
cause larger bubbles to form at the outer surface. Consequently, 
the bubbles formed at the inner surface would have to be the main 
cause of a locally high vapor void which would lead to DNB. When 
compared to an unplated coil, the local CHF would be higher in the 
coil with a flux tilt. 
The interactions of the mass velocity, flux tilt, and curvature 
ratio are complex. The figures showing the local data (Fig. 7.2) 
show increases, no change, and decreases in the local CHF, when 
compared to the unplated coil, depending on the combination of 
these three variables. The plots of the average CHF data generally 
indicate an increase in the CHF, with the 8.5 in. coil showing a 
substantial improvement. This could be expected since the increased 
heat addition is occurring at that location in the tube where the 
heat transfer mechanism is most efficient and where the degradation 
in the local CHF is not great. 
The effect of the higher heat flux at the outside of the coil 
on the local CHF in the quality region is much less complex than 
its effect in the subcooled region. The local data (Fig.7.2) 
indicate that as q" /q" increases, the local CHF decreases. 
^max ^avg 
As with the unplated coiled tubes the CHF condition, at the higher 
mass velocities, appears first at the inner surface. This demonstrates 
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the dominating effect of the hydrodynamics of the flow in a helical 
coil. In straight tube investigations, DNB/DO always occurred at 
the point of maximum heat flux. But even in those cases in this 
study where the flux tilt was in the order of 1.5, no appearance 
of overheating was observed.on the plating. At lower mass veloci­
ties, the point of initial dryout occurred at the top of the tube. 
This effect of buoyancy was observed at the same conditions as it 
was with the unplated coils. 
The shape and relative location of the local CHF curves are 
very similar to those of the reference coils, generally only being 
displaced downward. Thè only major exception is the lower mass 
velocity data from the 8.5 in. coil. Unlike the unplated coils 
and the other two plated coils, no mass velocity reversal effect 
is evident. There is a continuously decreasing CHF with increasing 
mass velocity. Because of the higher flux tilt, the heat flux at 
the top of the tube in the 815 in. coil is much higher than that at 
the inside of the coll. For the two other coils, with their smaller 
tilts, there are only small differences between the heat flux at 
the top and inside of the tube. T<Ihen the data are plotted on an 
average CHF basis, the 8.5 in. coil data again show the mass 
velocity reversal effect. 
When comparing the CHF data on an average basis (Fig. 7.3), 
the CHF levels for the plated and unplated coils are approximately 
equal for the 16.125 in. and :8.5 in. coils. The data for the 4.625 
in. plated coil are 10-15% higher than the unplated data. Whether 
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or not the average power to a coiled tube is increased appears to 
be a function of the flux tilt and curvature ratio. 
The mechanism of the quality region CHF in coils with a higher 
heat flux at the outside of theccoil is basically the same as for 
normal coils but modified to account for the changes in the local 
conditions around the circumference of the tube. The centrifugal 
force caused by the fluid flow continuously detrains liquid droplets 
from the vapor core, and the secondary flow distributes the liquid 
over the inner surface with the liquid.film flowing from the 
outside surface toward the inside. With the higher heat flux 
at the outside of the coil than in a normal coil, more of the liquid 
film is evaporated at the outer wall. Less liquid would be 
available to continuously flow back toward the inner wall and to keep 
it wet. In addition, the amount of liquid entrained from the inner 
surface is probably the same in both plated and unplated coils. 
As the power to the test section is raised, less and less liquid 
would reach the inner wall, causing the liquid film there to grow 
thinner. Eventually this film will break and a dry patch will 
appear. 
At about the same average power, the same amount of liquid would 
be available in the plated and unplated coils. However, the non­
uniform heat flux in the plated coil disrupts or changes the film 
flow so that the local CHF in a plated coil will be lower than that 
in an unplated coil. The local conditions are sufficient to define 
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the CHF-x curve but the problem is to define the local liquid film 
thickness distribution, which is affected by the circumferential 
heat flux distribution. 
In the unplated coils, the transition between the subcooled 
and quality regions was marked by the change in the CHF mechanism 
which occurs due to the change in flow regimes from a slug-type flow 
to annular flow. In the subcooled region, in the unplated tube, 
vapor is not distributed evenly around the circumference. The vapor 
tends to agglomerate at the inner surface. This behavior causes 
the minima to occur in the subcooled CHF curve (Fig. 6.8), and 
causes the large differences between the unplated coil and straight 
tube CHF-x curves. 
cr 
In the plated tubes, at higher mass velocities, the vapor 
bubbles would tend to cover more of the perimeter, with not such 
a large preferential agglomeration at the inner surface. The vapor 
distribution would approximate that in a straight tube more than 
that in an unplated coil. Hence, the transition between the sub­
cooled and quality regions could be expected to be more like the 
straight tube than the coiled. At the lower mass velocities, the 
vapor distribution again would be similar to that in an unplated 
coil, with the resulting CHF behavior being comparable. In the 
plated coils, the distance between the mimina in the subcooled 
region and the maxima in the quality region were not as large as in 
the unplated coils. 
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C. Correlation of CHF Data 
1. Subcooled CHF 
The three parameters influencing the subcooled CHF in plated 
coils when compared to the unplated coils are the mass velocity, 
curvature ratio, and flux tilt. Using the ratio of the CHF's 
from the plated and unplated coils, the following equation was 
obtained to represent the local CHF data 
q" ^ q" 
cr,c,plated _ (0.824+0.222-3^) (1-0.025a/g) (7.1) 
^cr,c, unplated ^'avg 
where q" . . , is calculated from Eq. 6.2. The radial 
^cr,c, unplated '• 
acceleration(a) is based on the subcooled liquid density. While the 
basic trends of the data are reasonably represented by this equation, 
the comparison with the data is not as good as would be liked. 
From Fig. 7.5 it can be seen that 85% of the data fall within 
+ 20%. As noted with the unplated coils, no straight tube data are 
available at the lowest mass velocity. Hence, the reference base 
for Eq.7.1 is lacking and makes the applicability of this equation 
at low mass velocities questionable. In addition, the subcooled 
data points which are past the minima in the CHF-x curves will be 
poorly represented by Eq.7.1. However, there is scatter which cannot 
be explained by either of these two reasons, particularly for the 
8.5 in. coil. It is suggested that there is more scatter in these 
data since no trends could be discerned in the data falling outside 
of the + 20% lines. 
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2. Quality CHF 
From the examination of the data, the main parameter influ­
encing the decrease in the local CHF is the flux tilt, q" /q" 
* ^max avg 
The shape of the CHF-x curves are remarkably similar so it was 
felt that the correlation could be in the form of a ratio between 
plated and unplated coils' CHF's. Using a least-squares technique, 
the quality region, local CHF data were curve fit with the re­
sulting equation being 
^cr,c,unplated Vavg / 
The unplated coil CHF was calculated from Eq. 6.4. As can be seen 
from Fig. 7.6, the data are predicted quite well. To avoid the 
transition effects of the lower mass velocities and of the smaller 
coil, only the data for x > 0.1 and G > 0.5xl0^1bm/hrft^ are shown; 
of these, 95% are predicted within + 20%. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 
An experimental study has been conducted to determine the 
effects of a nonuniform circumferential heat flux distribution, 
with the highest heat flux at the concave surface, on the CHF in 
forced convection boiling in helically coiled tubes. The primary 
variables investigated were mass velocity, subcooling and quality, 
curvature ratio, and flux tilt. The following conclusions can be 
drawn from the investigation; 
1. CHF in straight, horizontal, uniformly heated tubes 
decreases monotonically with decreasing subcooling at a given mass 
velocity and increases with increasing mass velocity at a given 
subcooling. At low quality a reversal occurs and CHF then increases 
with decreasing mass velocity. This reversal is associated with a 
change in the CHF mechanism due to a change in the flow regime. 
At low mass velocities, buoyancy causes a decrease in CHF. An 
equation is given which satisfactorily correlates the data. 
2. The single-phase turbulent heat transfer coefficient 
in helical coils, with and without a flux tilt, are represented 
well by the Seban-McLaughlin correlation [16]. The flux tilt does 
change the local heat transfer coefficient distribution slightly 
but has. no effect on the circumferentially averaged heat transfer 
coefficient. 
3. The local subcooled CHF in helically coiled tubes without 
a flux tilt is lower than that in a straight, horizontal tube operating 
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at the same fluid conditions. This degradation is caused by a 
preferential agglomeration of vapor at the inner surface of the tube. 
The secondary circulation, which results from the centrifugal 
acceleration, causes this vapor clotting. The CHF, relative to a 
straight tube, decreases with increasing d/D and mass velocity. 
The centrifugal acceleration, which depends on the axial fluid 
velocity and coil diameter, is sufficient to correlate the differences 
between the straight and coiled tube CHF. 
4. The local, subcooled CHF in a coil with a substantial flux 
tilt toward the outside wall is a complex phenomenon. ' There can 
be an improvement or a degradation in the CHF, when compared to 
a tube without a flux tilt, depending on the relative magnitudes 
of the flux tilt, mass velocity, and curvature ratio. Generally, 
there are improvements in the local CHF with decreasing mass 
velocity and curvature ratio, and with increasing flux tilt. A 
correlation was developed which compares the CHF in coils with and 
without a flux tilt toward the outside wall. 
5. The local CHF in the quality region in coils without a 
flux tilt is higher than that in a straight, horizontal tube operating 
at the same fluid conditions. The improvement can be attributed 
to the centrifugal force and secondary circulation. The centrifugal 
force continuously detrains the liquid from the vapor core. The 
secondary circulation spreads the liquid over the tube circumference, 
thus ensuring a higher liquid film flow rate and, consequently. 
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a higher CHF than a straight tube. At a constant mass velocity, 
the CHF Increases with increasing d/D. At a given quality, the 
CHF first increases with mass velocity, then, after reaching a 
maximum, decreases with mass velocity. This is possibly caused 
by the competing actions of the centrifugal force and the increased 
fragmentation of the entrained liquid droplets with increasing 
mass velocity. The CHF data were correlated using the Reynolds 
number, curvature ratio, and quality. 
6. The effect of the flux tilt in the quality region is to 
reduce the local CHF when compared to the coil without a flux 
tilt. The higher flux at the outside of the coil disrupts the 
liquid film flowing back toward the inner surface, causing the film 
to be thinner than in a comparable coil without a flux tilt and 
leading to a CHF condition at a lower heat flux. The differences 
between the CHF's from coils with and without a flux tilt were 
correlated on the basis of q" /q'' 
^max ^avg 
7. Severe operating problems could occur if a helical coil 
was operated in the subcooled region toward the inlet and in the 
quality region toward the exit. The "Forbidden Zone" concept 
(Fig. 6.8) schematically describes the problem area. 
8. Decomposition of R-113 during a CHF condition at the 
tube wall can significantly alter the boiling heat transfer 
characteristics of the tube. Care must be exercised to ensure that 
data are taken from scale-free tubes. 
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The present study has shown that the CHF in helical coils 
is greatly effected by varying the operating and geometric conditions. 
To further clarify the phenomena the following recommendations are 
made: 
1. Helically coiled tubes are not recommended for use in the 
subcooled region since the CHF can be so much lower than that in a 
straight, horizontal tube. 
2. If a coiled tube system might have a substantial imposed 
flux tilt at the outside wall, efforts should be made to minimize 
its effect at the inside surface. 
3. The flow regime transition boundaries in helical coils 
should be evaluated for both adiabatic and diabatic conditions. 
The effect of the flow regime transition on the minima and maxima 
in the CHF-x curve should be studied. 
4. A larger range of flux tilts, and more consistent flux 
tilts between various sized coils, would be beneficial in verifying 
the proposed mechanisms for both the subcooled and quality CHF 
condition. 
5. The effect of buoyancy in helical coils has received 
little attention. Much work in this area is necessary to determine 
the extent of its adverse influence on CHF. 
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XI. APPENDIX A. HEAT TRANSFER IN SINGLE-PHASE FLOWS IN HELICAL COILS 
Laminar flow in a helical coil has a secondary circulation 
imposed on it as a result of the centrifugal acceleration due to the 
coiled fluid path. Twin vortices develop which cause the heat 
transfer coefficients and pressure drop in a helical coil to be 
larger than in a straight tube. Both numerical and experimental 
research in laminar flow have been performed; Shah and London [123] 
summarized several analytical solutions which appeared before 
December 1970. Since then various other numerical solutions, e.g., 
[124-133] have been offered. Experimental studies, e.g. [16,89, 
91, 134-137], (some combined with analytical solutions) covering a 
wide range of Dean (Re(d/D)^'^), Reynolds, and Prandtl numbers have 
been performed which generally lead to the same conclusions as the 
analytical solutions. 
From both types of studies, many correlations have been developed 
to describe the heat transfer and fluid friction. Some of the 
conclusions for laminar flow in curved channels are as follows. 
Higher average heat transfer coefficients are obtained for flow in 
helical coils than in an equivalent straight pipe under similar flow 
conditions; likewise, higher friction factors are also obtained. 
The heat transfer coefficient is nonuniform around the circumference 
of the tube, being highest at the concave surface and much lower at 
the donvex surface. This nonuniformity. can cause the concave 
coefficient to be as much as five times as large as the convex 
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coefficient. The nonuniformity decreases with increasing Reynolds 
number; the average heat transfer coefficient increases with in-t 
creasing Reynolds number. The augmentation of the heat transfer 
coefficients is due to the secondary flow and also due to existence 
of significant natural convection effects at low Reynolds numbers. 
The Nusselt number and friction factor increase with increasing 
curvature, that is, with an increasing ratio of tube diameter to 
coil diameter. 
Unless otherwise noted, fluid properties are evaluated at the 
bulk fluid temperature. Those correlations using the film temperature 
will have the appropriate terms subscripted with an "f"• 
For turbulence to develop in a fluid flowing through a coil, 
disturbances need to overcome the centrifugal forces in addition to 
the viscous forces, both of which tend to stabilize the flow and 
damp out fluctuations [90]. Thus, transition from laminar to 
turbulent flow is suppressed in coiled tubes; the critical Beynolds 
number increases with an increasing ratio of tube diameter to coil 
diameter. Srinivasan et al. [6] have proposed the following equation 
for the determination of the transition Reynolds number in helically 
coiled tubes; 
Re^p = 2100[1+12(d/D)°*^] (A.l) 
while Schmidt [91] suggests the following; 
Re^p = 2300[l+8.6(d/D)°'45 (A. 2) 
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Both of these investigators analyzed the data of other studies. Note 
that as the curvature ratio (d/D) becomes very small, the requirement 
that the value of coiled &PPf°&ch that of a straight tube is 
satisfied. One other major difference is apparent when comparing 
straight and coiled tube friction factors. In straight tubes 
there is a sharp increase in the friction factor as the Reynolds 
Number is increased through the transition region; there is no 
corresponding increase in a coil, and the transition from laminar 
to turbulent flow is accomplished smoothly. 
Two investigators [91,138] have found that the conventional 
coiled-tube turbulent flow heat transfer equations are not applicable 
in the transition region. Schmidt [91] has proposed an equation 
valid for the range Re^^ > Re > 22000, which attempts to bridge the 
gap between fully laminar flow (Re > Re^^) and fully turbulent 
flow (Re >• 22000). This equation is 
Oil, water, and air were used in this experiment with five coils having 
0.0123 ^  d/D ^  0.2035. Kubair and Kullor [138] concluded that 
equations correlating heat transfer data in coils must involve the 
tube length in laminar and transition flow in helical coils. Using 
a glycerol solution, with 0.37 > d/D ^  0.097, the following correla­
tion was obtained: 
Nuj = 0.023[l+14.8(l+d/D)(d/D)l/3]Reg 0 . S - 0 . 2 2 W i f \ i n  
Nu = (0.763+d/D)Gz°'9 v(A. 
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The valid range for this equation is 2100 ^  Re _< 15000, 15 < Gz < 
100. Prabhudesai and Shah [139] state that transition flow can 
be adequately described using equations for laminar and turbulent 
flow. 
As with laminar and transition flow, turbulent flow heat 
transfer and pressure drop are dependent on the ratio of tube to 
coil diameter; with increasing d/D, both the Nusselt number and 
friction factor increase. However, the increase in the heat transfer 
coefficient in a coil, when compared to a straight tube, is less 
in turbulent flow than in laminar flow. For turbulent flow the 
degree of nonuniformity in the heat transfer coefficient between 
the concave and convex sides of the tube is also less than in laminar 
flow, with the ratio of concave to convex coefficients being a 
maximum of about two in turbulent flow as compared with five in 
laminar flow. 
Turbulent flow in coils has been treated numerically by several 
authors. Mori and Nakayama [18,140] developed practical formulae 
for the heat transfer to gases and liquids; for Pr > 1 and . 
2.5 
Re(d/D) ' >0.4, the following equation is applicable: 
The authors verified their equations with experimental data which 
agreed well with the theoretical results. The type of boundary condi­
tion (constant heat flux or constant wall temperature) was shown to 
have no effect on the approximation of the Nusselt number. 
Nu = -^Re5/G(j/Q)l/12 0.061 ,0.4 (A. 5) 
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Schlestel and Gosse [141] examined the influence of curvature 
and Prandtl number on turbulént convection. They concluded that the 
heat transfer increase due to curvature is largest for Prandtl 
riumbers near unity, and that the amount of relative increase in 
Nusselt number decreases with increasing Prandtl number until an 
asymptotic value (depending on d/D) is reached at approximately Pr = 
100. Peripheral variations in Nusselt number increase with curvature 
and are more important at low Prandtl numbers. 
Many coiled-tube Nusselt number correlations have been developed 
from experimental studies. Some are simply expressions >7ith which 
to multiply straight tube equations; others are more involved. 
Jeschke [142] suggests that for the turbulent flow of air the 
following correlation is satisfactory for d/D = 0.151 and 0.050: 
Nu = [0.039+0.138(d/D)]Re°'7G (A.6) 
4 5 
in the range 10 < Re < 1.5 x 10 . 
Based on the work by Jeschke, McAdams [143] states that for gases, 
the heat transfer coefficient for coils can be obtained by multiplying 
the straight tube value by [1+3.54(d/D)]. Using five coils with 
0.098 _< d/D _< 0.0435 and with water as the working fluid, Pratt 
[144] developed a similar factor of [l+3.4(d/D)]. 
Kirpikov [145] used steam heating of water to test coils with 
d/D = 0.100, 0.0769, and 0.0556. He proposed the following equation 
for 10^ < Re < 4.5 x 10^: 
Nu = 0.0456 Re°'Bpr°'4(d/D)°'21 (A. 7) 
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Seban and McLaughlin [16], using water in electrically heated 
coils with d/D = 0.0588 and 0.0096, 6 < 10^ < Re < 6.56 x 10^, and 
2.9 < Pr < 5.7, specified an equation for the average coefficient as 
Nu^ = 0.023 Re^°'®^Pr^°*^(d/D)°*^ (A.8) 
Rogers and Mayhew [20] used water in a steam heated experiment 
involving three coils with d/D = 0.0926, 0.0752, and 0.0498 for 
3 < 10^ < Re < 5 x 10^. The authors' resulting equation is the 
same as that of Seban and McLaughlin except that the constant is 
changed to 0.021 from 0.023. (Rogers and Mayhew comment that the 
exponent of d/D quoted by Kirpikov [145] is much too large.) Fluid 
properties were evaluated at both bulk and film temperatures and 
the authors could find no advantage of one over the other; hence, 
the bulk fluid temperature is recommended for ease of calculation. 
Kutateladze and Borishanskii [146] recommend a correction factor 
to straight tube heat transfer coefficients of [l+3.6(d/D)]. 
Schmidt [91] developed the following equation for turbulent 
flow, 2 < 10^ < Re < 1.5 x 10^; 
Nug = 0.23[l+3.6(l-d/D)(d/D)°*®]Re^°*®Prj^^^ (A.9) 
The coils were heated in a steam bath. 
Miropolskiy et al. [39] applied an equation of the form Nu^ = 
CRe^^'^Pr^^'^ to two coiled tubes. They found that the ratio of 
concave to convex heat transfer coefficient depends primarily on the 
curvature ratio, and is independent of Reynolds number. At the 
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convex surface, C = 0.018 for d/D = 0.0714 and C = 0.022 for d/D = 
0.121 while at the concave surface C = 0.028 for both coils for 
Be < 10^. However, at Re ^  10^ for the second coil, C = 0.064 for 
the concave surface while C for the convex surface remained the same 
The authors concluded that the phenomenon seems to be connected 
with a transition from laminar to turbulent flow; however, no 
explanation is offered as to why similar behavior was not observed 
with the other coil at the transition Reynolds number. 
Miropol'skii and Pikus [147] tested electrically heated coils, 
with 0.015 < d/D < 0.11, with water as the working fluid over the 
range 3x10^ < Re < 5x10^. Their data were in agreement with the 
multiplication factor devised by McAdams [143]. 
Correlating data reported by several different authors, 
Shchukin [148] developed the following expression; 
Nu^ = 0.0266[Rej°"^^(d/D)°*^^-H).225(D/d)^*^^]Pr^°*^ 
The correlation covers the range 0.05 < d/D < 0.161 and Re^^ < 
Re < 6.7x10^. The data used were from experiments using water as 
the working fluid, with both steam and electrically heated test 
sections. 
In a study of water at supercritical pressures, Miropol'skii 
et al. [10] studied two electrically heated coils, d/D = 0.093 and 
0.029. They were able to satisfactorily model their results with 
various published correlations, provided p^/p^ is greater than a 
limiting value. When the ratio of densities is lower than 
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this value, the Nusselt number has an explicit dependence on this 
ratio. Below the limiting value, there is a considerable decrease 
in the heat transfer coefficient with a decrease in the ratio of 
Pw/Pb' 
Tests by Alad'yev et al. [28] indicate that there is a differ­
ence in heat transfer when using water or a liquid metal as the working 
fluid. Potassium was tested in an electrically heated test section 
with d/D = 0.0625. Analysis of the data found that the additional 
turbulization due to centrifugal acceleration has virtually no 
effect on the heat transfer over the tube perimeter. An equation 
recommended for turbulent flow of alkali metals in straight tubes 
Nu = 5+0.25 Pe°'B (A.11) 
satisfactorily correlated the data within + 25%. It should be noted 
that Schiestel and Gosse [141] calculated, for Pr = 0.015, Nu^/Nu^ 
ratios of 1.020, 1.055, and 1.105 for d/D values of 0.01, 0.025, 
and 0.0535, respectively. Since calculated improvements are small, 
any coil effect in the experiments of [28] would be hard to distinguish 
due to normal experimental error and data scatter. 
Miropol'skii et al. [93] have found that the thermal entry 
length for coiled tubes is shorter than that of straight tubes. It 
was concluded that the needed length for stabilization is approximately 
proportional to the diameter of curvature of the coil and to the 
square root of the internal tube diamter. The authors give several 
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expressions for determining the heat transfer coefficient in this 
entrance region; their results were based on data from four coils, 
0.009 ^  d/D _< 0.1. Various other investigations, e.g. [10,16,18], 
have concluded that entrance effects are negligible. It also was 
shown that while heating increases the average heat transfer coefficient 
and friction factor, cooling causes a decrease in these two factors; 
however, no other data could be found to verify this result. 
Conclusions; A considerable body of knowledge has 
accumulated for single-phase flow which has defined many of the 
heat transfer and fluid flow characteristics of helical coils. The 
principal variables and their effects have been well established, 
and good explanations and descriptions of the physics of the problem 
have been offered. However, there remain areas where additional 
research is needed. The effect of Prandtl number in the range from 
those of liquid metals to those of gases need to be investigated 
more thoroughly; the entrance length for both laminar and turbulent 
flow requires more definition; the effect of natural convection super­
imposed upon the forced convection has not been studied in sufficient 
detail; and most aspects of the transition regime require more work. 
These problems were not investigated in this study since they are 
not in the province of this research. 
215 
XII. APPENDIX B. SOLUTION OF THE HEAT CONDUCTION PROBLEM 
Two pieces of information that need to be obtained from the 
experimentally measured data are the inside wall temperatures and 
the heat flux distribution. Because of the nonuniform wall thickness 
caused by the bending of the tube, and, in the case of a plated tube, 
the additional conducting material on the outside half of the tube, 
there is an asymmetrical electrical heat generation in the tube 
wall. Usually, for uniformly heated tubes, the heat flux and 
temperatures at the inside wall are inferred by solving the heat 
conduction problem in the wall, using measurements made at the 
outside wall. However, with a circumferentially varying heat flux 
and wall temperature, the solution to the one-dimensional heat 
conduction problem may not be accurate unless the circumferential 
conduction is small. If circumferential conduction is minimized, 
there will be close agreement between the one-dimensional and two-
dimensional solution. Using a method developed by Baughn [64], it 
will be shown that for this experiment, the circumferential conduction 
is small and the one-dimensional solution can be used. 
Several assumptions are made: 
1. The small ellipticity of the tube caused during the bending 
process is neglected. 
2. The tube axis is planar. 
3. The materials are homogeneous, but the properties are tempera­
ture dependent. 
4. Axial conduction of heat is neglected. 
5. The electrical current flows parallel to the axis of the tube. 
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6. The voltage drop between bus bars is the same for all longi­
tudinal segments around the circumference. 
7. The system is at steady state. 
The plain tube is evaluated first. According to Baughn, for agree­
ment between the one- and two-dimensional solutions, the circumferential 
conduction number, = kt/hr^, has to be small. In an example for 
a cosine distribution of the heat flux, with = <», the one-
and two-dimensional solutions agree well up to s 0.2. For the 
unplated tubes in this experiment, the largest l^x^'^min ~ and has 
a sinusoidal variation. To be conservative, this N =0.2 will be used 
' c 
as the criterion for minimizing the circumferential conduction. For 
the one-dimensional solution and for a cosine distribution of 
= 1.4, the largest value of N^/(kt/hr2) = 0.2 at the location of 
the lowest heat flux. Using this number and the criterion for minimal 
circumferential conduction, along with the tube wall properties, the 
minimum heat transfer coefficient for minimum circumferential conduction 
is about 31 Btu/hrft2°F. In all cases, the experimental heat transfer 
coefficient is much larger than this figure. Hence the one-dimensional 
heat conduction equation can be used for the unplated tubes, providing 
the appropriate numbers are used to represent the nonuniform heat 
generation and wall thickness. 
The approach used to assess the plated tube is similar. 
Assuming that all of the heat generation is in the base tube wall 
(which is a good assumption since all of the dissipated energy 
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has to pass through this tube), the procedure is the same as for 
the unplated tube. The largest ratio of for the plated 
tube is 2.23 for the 8.5 in. coil. Therefore, the minimum required 
heat transfer coefficient is about 45 Btu/hrft . Again, the experi­
mental heat transfer coefficients are much larger than this, in all 
cases. If it is assumed that all of the heat generation is in the 
nickel the procedure is modified slightly. The convective boundary 
condition is assumed to be k /t , since all of the energy first 
ss as 
has to go through the stainless steel. This gives a very small 
conduction number. From these two limiting cases, it is concluded 
that the one-dimensional heat conduction equation can also be used 
for the plated tubes. 
The one-dimensional heat conduction equation in cylindrical 
coordinates is 
dfl + 1 dT + 0 (B.l) 
dfZ r dr k 
The boundary conditions for the plain tube are 
1. at r = r2 ^ = 0 
2. at r = rg T = Tg 
Integrating twice and using the boundary conditions, the inside 
wall temperature is 
2 t  I t  
- ^^2+ k  
2rit+t 2 / ^1 \ 
4—+ (FI+C) (B.2) 
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and the heat flux is 
(B.3) 
The wall thickness of both the plating and base tube (and therefore 
the heat generation) vary with circumferential position. Equations 
describing these variations will be developed later. 
Contrary to one of the assumptions used in the solution of 
Eq.(B.l), both the thermal conductivity and electrical resistivity 
vary with temperature. Over the range of the greatest wall tempera­
ture drop experienced in any of the tests (about 2°F), as calculated 
using Eq.(B.2), the variation in both the thermal conductivity and 
electrical resistivity is less than 1%. Since the property variations 
are small, the added complexity to the problem would not be justified 
since little additional information would be obtained. Therefore, 
the properties are evaluated at the outside wall temperature. 
The heat conduction in the plated tube is a two-step process. 
The boundary conditions for the first step through the plating are 
For the second step through the base tube, the boundary conditions are 
1. at r = r 
3 
2. at r = r 
3 
T = T 
3 
1. at r = r 2 
2. at r = r T = T 2 
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For the plating, Eq.(B.2) is applicable, using the appropriate 
dimensions and material properties. For the base tube Eq.(B.2) 
is modified and resulting equation for the inside wall temperature 
is 
a"' 2 2 ^2 / ^2^ " \ /^1 \ 
Tl = ^2 + k-^-2 -^1 )+ —(Q + (B.4) 
where r^ = r^+t, and Tg and Q are obtained from the solution of the 
first step. 
Now it is necessary to develop expressions describing the wall 
thickness and heat generation rate as a function of circumferential 
position for the plain tube. The wall thickness can be derived as 
follows. The geometry is as shown in Fig. B.l. It is assumed that 
Poisson's ratio, v , is equal to 0.5. This value is normally attained 
by materials during plastic flow and signifies constancy of volume.[149]. 
The main longitudinal strain in the wall thickness can be expressed 
as 
e = — since — = e — (B.5) 
r r r 
c cm
where ds is an increment in the circumferential direction. Therefore, 
the strain in the radial direction is 
Ej. =v (B.6) 
c 
Since the strain is linear from the center of bending 
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Fig. B.l. Schematic (exaggerated) of geometry of plated, coiled tube 
But 
X = r sin0 (B.8) 
m 
Therefore 
OX r o 
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and 
r t sin0 
t = t^+ At = t^- (B.IO) 
and finally 
t = t 
L 2r ~ ) (B.ll) 
where t is the wall thickness and r is the mean tube radius 
o m 
before bending, r^ is the helix radius. 
Now 
I^R 
volume 
V 
R* 
(B.12) 
but 
R = # _  and V = AL 
Therefore 
« = 4-
and 
. I I I  _  
pL 
The voltage V is the drop across some mean length, L^, where 
(B.13) 
L = r dY 
m c 
where dY is along the coil. Hence, at any circumferential position 
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L = [r^+(r^+t/2)sin0]dY (B.14) 
Substituting this into Eq. (B.13) 
„2 
,111 _ 
[r^+(r^+t/2)sine]^(dV) 
(B.15) 
But compared to a straight tube with the same L^, V, and p 
r^+(r^+t/2)sin0 
Using Eq.(B.3) and Eq.(B.16), the maximum to minimum heat flux 
ratio can be obtained: 
2 
^max _ ^'^^l^'max^^'max^ 
(B.16) 
(B.17) 
Finally, the heat flux can be obtained from 
q" = VI 
r^+(r^+t/2)sin0 
2r^t+t 
2rITTi?' 1 o o 
(B.18) 
Carver et al. [38], using a different procedure, developed this same 
equation, Eq. B.17. 
For the calculations in the plated tubes, the current in the 
base tube and in the plating needs to be determined. Since the 
voltage drop is the same for all circumferential positions, the power 
2 2 2 2 V/ r ,2 
p - - R%-- + a;- + - 'A+fB+fc -
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Therefore 
Pc = VI­ CE.20) 
but 
Hence 
AB (B.21) 
Pc = VI -
This gives the total power generated in the plating. The resistivity 
of the stainless steel base tube was calculated by 
with T being the mean axial temperature. 
This equation is a curve fit of data obtained from the TPRC handbook 
[150]. From voltage and current measurements the resistance of the 
tubes were calculated. From this the resistivity of the three unplated 
tubes were calculated and compared to the equation. Agreement 
generally was within + 5%. Therefore, Eq.(B.21) is a good estimate 
of the power generated in the plating. The current in the base tube 
can be obtained easily by 
for T < 370°F 
T > 370°F 
p = 2.599xl0"^+1.062xl0~^T+5i96xl0~^\^^g 22) 
p= 2.644x10^+1.318xlO"^T-3.24xlO"^\^ 
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VI-P 
C I 
AS V 
This current, should be used in all calculations in the base 
tube. The current in the plating then is 
= I-lAB 
Because of the plating process, the thickness of the plating 
varies from a minimum at 0° and 180° to a maximum at 90°. This 
variation is 0.001 in. The thickness of the plating can be described 
by 
where t is the thickness of the metal at 90° minus 0,001 in. 
o,p 
By analogy to the bare tube 
t = t -K).OOlsin0 
P o ,p 
(B.23) 
2 
S r^- (rg+tp/2) sinG 
1 (B.24) 
and 
r^-(r2+tp/2)sin0 
r 
c (B.25) 
=Q.in Eq(B.4). To get the flux at the inner surface 
(B.26) 
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This procedure for determining the current in the plating material 
gives an average value. Variations in plating thickness and irregular­
ities in the edge of the plated material are essentially averaged 
over the length of the tube. The calculation for the temperature 
drop through the nickel is also insensitive to the value used for 
the plating thickness. 
The values of the maximum-to-average and maximum-to-minimum 
heat flux ratios for all the test sections are shown in Table B.l. 
For the plain coiled tubes the highest heat flux is on the inside 
surface; for the plated it is on the outside. An adjusted ratio of 
maximum-to-minimum heat flux is shown in the last column. This is 
a comparison of the effective heat flux variation between the plated 
and unplated electrically heated coils.and is equal to 
Note that there is a variation in the heat flux ratios for the plated 
coils. This resulted from small variations in the plating thickness 
during the plating process. 
/Çax\ 
unplated 
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Table B.l. Test Section Heat Flux Distribution 
Unplated Plated 
d Test Section q" q" q" q" 
— „ ^max ^ax ^ax ^ax 
' q 
avg Tnin avg Tnin 
Tna 
0.0182 
0.0353 
0.0649 
3,4 1.049 1.099 
12 1.237 1.396 1.298 
13 1.228 1.377 1.288 
14 1.238 1.398 1.299 
5-8 1.096 1.198 
15 1.525 2.183 1.671 
16 1.531 2.203 1.678 
17 1.558 2.302 1.708 
18 1.510 2.131 1.655 
19 1.515 2.149 1.660 
20 1.522 2.171 1.668 
9-11 1.186 1.394 
21 1.471 1.726 1.745 
22 1.382 1.531 1.639 
23 1.412 1.593 1.675 
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XIII. APPENDIX C. CALIBRATION OF FLOWMETERS 
The flowmeters used were Brooks Full-View Rotameters, Model 
1110, one Size 10 and one Size 8. Both flowmeters were calibrated 
at different flow settings by weighing the water collected in a tank 
over a time interval. The manufacturer sets a viscosity limitation 
on the calibration fluid if that fluid is different than the fluid 
to be measured. This limitation was checked and water was found 
to be suitable for calibrating the flowmeters for use with R-113. 
The calibration data are shown on Fig.C.l and C.2. A least-squares 
fit provides an excellent correlation of both sets of data. The 
correlation coefficient for both the small and large flowmeters 
was 0.9986. 
To convert the water flow to an equivalent R-113 flow, a scale 
factor is required. This is 
= specific gravity of the float material for which 
1 the liquid calibration is known 
= specific gravity of float material 
^2 
= specific gravity of water 
(C.l) 
where 
1 
= specific gravity of R-113 
2 
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Fig. c.l. Small flowmeter calibration curve 
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8 
I I 
10 2Ô' 30 40 50 60 70 80 90 100 
Meter Reading % 
Fig .  c .2 .  Large flowmeter calibration curve 
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For this case 
Pf = Pf = 8.04 
1 2 
First, converting the measured mass flow of water to a volume flow, 
the volume flow of the R-113 is then 
GPMR_113 = 
Converting this volume flow to a mass flow, the resulting equations 
for R-113 are 
Small flow meter: 
(0.06266X+0.2238)pg_^12 
7-0409PR_ii3 [—1 hr  J 
501.45-0.9991pQ_^^2 
Large flow meter; 
(0.4685X+0.399)Pg_ii2 
m = 
/7.0406pg_^^2 flbm 1 (C.4) 
501.60-0.9994p^_^^2 
ri
I hr ] 
where 
X = meter reading in % 
^R-113 ~ density of R-113 at flowmeter fluid temperature 
231 
XIV. APPENDIX D. ERROR ANALYSIS 
In any experiment, uncertainties in the raw data can occur be­
cause of three types of errors: illegitimate, systematic, and random. 
Through familiarization with the equipment and experiment, and by careful 
errors are of consistent form and result from improper conditions or 
procedures. These errors are correctable by calibration. The third 
type of error, random, which introduces uncertainties into the data 
acquisition part of an experiment cannot be avoided since random errors 
are inherently present in any measuring system. These uncertainties can 
be minimized by the experimental design but will always exist. Hence, 
to estimate the accuracy of the experimental data it is necessary 
to quantify the total uncertainty through the use of statistics 
in a propagation-of-error analysis. 
The expression to be used to calculate the uncertainty W, 
in any quantity Z is 
where x^ is any of n parameters of which the quantity Z is a function. 
The experimental uncertainty obtained from this equation is the 
absolute value of the maximum expected deviation from the reported 
experimental result. 
operating procedures, illegitimate errors can be avoided. Systematic 
n 
(D.l) 
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The total power added to the fluid up to any axial location 
can be defined as 
q = 3.4122 ~ (D.2) 
T 
assuming a linear voltage drop through the test section. The 
uncertainty in this power can be expressed as 
W = 3.4122 q (D.3) 
1/2 
The current was measured using a calibrated shunt whose accuracy 
is + 1/4 of 1% of full scale. Full scale is 1500 amps; therefore 
Wj = 3.75A. The power supply has a stated maximum ripple of 0.26V. 
No variations greater than 0.05V were observed. However, to be 
conservative 0.13V will be used for W^. The voltage drop across the 
shunt and test section were measured with a digital voltmeter whose 
accuracy is + 0.000002v so errors in all voltage readings can be 
considered negligible. 
The uncertainty in the total length is 1/4 in. Two different 
uncertainties are necessary for L. If L represents the length to 
one of the thermocouple stations, = 1/4 in. If L represents the 
length to the location of the CHF condition, = 1 in. since there 
is more uncertainty in the determination of the location of the point 
of CHF initiation. 
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The uncertainty In the average axial heat flux can be used 
to estimate the uncertainty in the local heat flux. 
q" = 3.4122 VI 
TrdL„ 
(D.4) 
Therefore 
W-,', = 3.4122 
-VIW 
+ r-^ \ + 
2^1/2 
(D.5) 
(r) 
where = 0.001 in. 
The uncertainty in the wall temperature involves several sources 
of error. The partial derivative of the wall temperature with respect 
to those factions is assumed to be unity. Therefore, 
n 
2. 2 xi 
1/2 
(D.6) 
Li=l 
The factors to be used are 
Uncertainty due to thermocouple wire inaccuracies 0.75°F 
Uncertainty due to thermocouple lead wire conduc­
tion inaccuracies 0.05°F 
Uncertainty due to voltage measurement nil 
Two uncertainties need to be determined for the fluid temperature, 
one for single-phase flow and the other for two-phase flow. The 
single-phase temperatures are based on the enthalpy of the fluid: 
H = H^n + q/6 (D.7) 
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The subroutine for the liquid enthalpy is used in an iteration until 
the temperature corresponding to the enthalpy at the particular 
location is obtained. The inlet enthalpy is determined by the 
inlet temperature and = W . Therefore, 
w 1*2 * 2^1/2 
"I; (t) ' (g (D.8) 
where 
• (D.9) 
\n • ( "ÎnKn 
and 
W. = +2% 
m — 
To extract the uncertainty of the fluid temperature from Eq.(D.8), 
the general form of Eq.(D.9) can be used in an iteration procedure. 
For the two-phase fluid temperature, the uncertainties in the 
pressure measurements must be known since T^ is the saturation 
temperature at the local pressure. Therefore, 
,3T 
P 
(D.IO) 
The contributing factors to the uncertainty of p are 
Uncertainty due to pressure gauge errors + 0.75 psi 
Uncertainty due to pressure gauge resolutions +1.0 psi 
Uncertainty in pressure drop calculation + 0.25 psi 
As with the wall temperature, the partial derivatives of the pressure 
with respect to these factors are assumed to be unity. To evaluate 
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the slope of the saturation curve (and of the enthalpy curve in Eq.D.9), 
the property equations for R-113 listed in Appendix E can be used. 
The local heat transfer coefficient is calculated by 
= -aL 
V^f 
Hence, 
"h = 
-q"W. > -q"w, 
1/2 
U 2 ^ T ^ T 
% 
w V 
(D.ll) 
(D.12) 
The circumferentially averaged heat transfer coefficient can 
be obtained by averaging the local heat transfer coefficients; 
n 
h = / h 
N 
Therefore, 
1/2 
But 
W = 0 
n 
(D.13) 
(D.14) 
Thus, 
n 
1/2 
(D.15) 
Although Simpson's Rule was used in the data reduction program to 
calculate the average heat transfer coefficient, generally the 
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difference between arithmetic averaging and Simpson's rule was less 
than 1%. Therefore, the uncertainty level can be adequately estimated 
using the above procedure. 
The quality at any axial location can be calculated by 
sat x = 
H 
Therefore, 
fg 
(D.16) 
W = 
x 
-xW, 
(ïf) 44,1 
(t^) 
2,1/2 
fg 
(D.17) 
The saturated liquid enthalpy, , and the heat of vaporization, 
sat 
Hjg, were evaluated as functions of the saturation temperature and 
of the saturation temperature and pressure, respectively. 
Hence 
/9Hr \ 
W, 
H 
W„ 
fsat LBT T ^ \ sat/ sat 
(D.18) 
and 
W, 
H fg 
1/2 
(Iff/Tsat) ] (D.19) 
The last quantity of interest is the mass velocity. This 
variable is calculated by 
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4m (D.20) 
Therefore 
(D.21) 
The data from the 8.5 in. unplated coil are used for the 
single-phase uncertainty analysis. Run No. 4 on July 30, 1979 for 
Test Section No.5 is a typical run at a mass velocity which is near 
the midrange for all the single-phase data. The experimental data 
are 
Lg, = 50 in. 
T = 119.6°F 
21.150V 
d = O.SOOin. 
m = 766.91bm/hr 
I = 79.92A = 5767.7Btu/hr 
For Station //II 
L = 43in Tp = 147.7°F 
8 ( ° )  T^(°F) q"(Btu/hrft2) h(Btu/hrft2°F) 
90 
180 
270 
0 191.0 
178.4 
186.0 
212.4 
17625 
16120 
17625 
19314 
407.3 
524.7 
460.1 
298.7 
The uncertainty in the energy transfer is from Eq.(D.3) 
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W = 3.4122 q 
^79.92x43x0.13 j ^ ^21.15x43x3.75j 
^21.15x79.92x.25j ^-21. 15x79.95x0.25x43 
50" 
21 
1/2 
144 
Wq = 237.8 Btu/hr 
and for the heat flux from Eq.(D.5) 
Wq" = 3.4122 /79.92x0.13\ + /29.15x3.75\ + \nx0.3x50 / \nx0.3x50 / 
/ -21.15x29.15x0.25\ /21.15x79.92x0.001 \ 
' \nx50x(0.3)2 ' TTxO. 3x50 
1/2 
144 
= 3.4122[0.05+5.38+0.0043+0.0143]^^^ 144 
Wj' = 1146.9Btu or Wq" = 6.5% 
hrft2 
For the wall and inlet fluid temperatures from Eq.(D.6) 
W„ = [(0.75)2 + (0.05)2] 
w 
W = W = 0.752*F 
w in 
Therefore, from Eq.(D.9) 
in 
"H, - °-"0 IS 
in 
This uncertainty in the mass flow rate is 
W. = 0.02(766.9) 
in 
W. = 15,31bn/hr 
tn 
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For the fluid at the measurement station, from Eq.(D.8) 
50x766.9 
W„ = 0.376Btu/lbm 
n. 
which leads to the uncertainty in the fluid temperature, from Eq.(D.9), 
T. /3H\ 0.234 
V9T/ 
W = 1.161°F 
f 
Therefore, for the local heat transfer coefficients, from Eq. (D.12) 
for the 0° location T -T^ = 43.3°F 
w r 
2 2 211/2 
= [701.6+229.1+46. 
= 31.3Btu/hrft^°F or W, = 7.7% 
ho 
Likewise, 
W = 37.5Btu/hrft2°F 
90 
W, = 36.8Btu/hrft^°F 
180 
u = 35.2Btu/hrft^°F 
^270 
or 11.8% 
or 7.1% 
or 8.0% 
And, finally, for the circiunferentially averaged heat transfer 
coefficient, from Eq. (D.15) 
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1/2 
= l/4[(7.7)2+(7.1)2+(8.0)2+(ll.8)2] 
Wr = 4.4% 
n 
Data from the 8.5 in. unplated coil are used also for the two-
phase uncertainty analysis. Run No. 10 on August 1, 1979 for 
Test Section No. 6 was a typical run for a mass velocity in the 
midrange of all the runs. The experimental data are 
L„ = 49.Sin. d = 0.300in. ^ 
TT = 225.3°F m = 734.0lbm/hr q" = 75404Btu/hrft 
in 
= 44.791V I = 159.84A T 
= 24429.3Btu/hr 
For Station #14 
L = 48.5in. x = 0.414 
Tj = 276.9"F P = 137.9psia 
For the heat flux, the uncertainty is, from Eq.(D.5) 
2 ,,, , ^^ ,2 
W-" = 3.4122 q 
r + (44.791x3.75^- ^  /159.84x0.13\ 
mx0.3x49.5 \x0.3x49.5 
1/2 
'-44.791x159.84x0.25'2 ' )\ ^ /-44.791x159.84x0.001\ 
ïïx0.3x50^ ' ^ ïïx0.3''x49.5 
W-" = 1838.5 Btu/hrftZ or 2.4% 
144 
For the local pressure 
Wp = [(0.75)2 ^  (1)2 ^  (0.25)2] 
Wp = 1.27psi 
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For the energy transfer, from Eq.(D.3) 
,2 
W = 3.4122 q 
/159.84x48.5x0.13\^ . /44.791x48.5x3.75\ . 
[ 4975 1 + I 49 75 ) + 
/94.791x159.84xl\^ /-44.791x159.84x48.5x0.25 
\ 49.5 ; I 4,, ,.2 / 
1/2 
Wq = 760.5Btu/hr 
The uncertainty in the mass flow is 
= 0.02 (734) 
W. = 14.7 Ibm/hr in 
For the inlet enthalpy, from Eq.(D.9) 
W„ = (0.225Btu/lbm)(0.753) 
"in 
„ = 0.192Btu/lbm 
«in 
The uncertainty in the saturation temperature, from Eq. (D.IO) 
= (0.674)(1.27) 
sat 
W = 0.86°F 
sat 
Which leads to the uncertainty in the saturated liquid enthalpy 
and heat of vaporization, from Eq.(D.18) and Eq.(D.19) 
W„ = (0.268)(0.86) 
Hfsat 
W„ = 0.230Btu/lbm 
Hfsat 
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o o 1/2 
W = [(-0.143x0.86)^ + (-0.099x1.27)^] 
fg 
W„ = 0.176Btu/lbm 
"fg 
Therefore, the uncertainty in the local quality at the CHF condition, 
from Eq.(D.17), is 
_ 0.192 2 0.230 2 760.5 ^ .24429.3x48.5x14.7.^ 
X - 46.13 46.12 734x46.12 + 49.5x46.12x7342 
2 1/2 
-0.414x0.176 
46.12 
= [1.733xlO"^+2.487xl0"^+5.047xl0"^+2.005x10"^+ 
A 1/ 2 
2.49x10 
= 0.0273 or 6.6% 
And, finally, the uncertainty in the mass velocity, from Eq.(21) 
2 2 1/2 
14.7 , -2x734x0.001 
Wg = 4 2 + 0 
irxO. 3 TTxO. 3 
W_ =31,500lbm/hrft^ or 2.1% 
The uncertainties calculated above are typical of the uncertainties 
that can be expected in the other test runs. To summarize, the 
uncertainties in this experimental program can be expected to be 
Single-phase h: +5% 
Two-Phase p: +1.3psi 
G; +2.1% 
.... .q": +2.5% 
At the CHF conditio^ x: +6.6% 
These are quite acceptable level of error for a boiling heat transfer 
experimental program. 
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XV. APPENDIX E. THERMOPHYSICAL AND THERMODYNAMIC PROPERTIES 
OF R-113 
To obtain the values of derived variables (e.g. Nusselt number, 
Reynolds number, vapor quality) from experimental data, the thermo-
physical and/or thermodynamic properties of the fluid must be known. 
Since this experiment involves single- as well as two-phase flow, 
properties for the liquid, vapor, and (possibly) gas phases of R-113 are 
required. Given below are analytical expressions for the properties 
used in the data reduction and evaluation. Some equations were obtained 
from the literature; others were developed by fitting power polynomials 
to tabulated data available in the literature.[151,152] In a few cases, 
where the property variations with pressure is small or unobtainable, the 
property is expressed only as a function of temperature. The properties 
calculated with the equations are compared to tabulated data and the 
percentage error is given. The percentage error is defined here by 
„ _ Tabular Value - Calculated Value ^ 
Tabular Value ^ 
where both pressure and temperature are required to identify the state, 
the calculated saturation temperature is used with the pressure. 
A. Thermodynamic Properties 
1» Saturation temperature 
The saturation temperature was curve fit as a function of pressure. 
To obtain an accurate fit, the pressure range from 4.37 psia to 470.6 
psia was divided into ten segments: (T-*R.;p-psia) 
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4. 374 < P < 6.607 T 467.166+14.613p-0.58769p2 
6. 607 < P < 10.07 T 482.038+10.174p-0.26541p^ 
10. 07 < P < 14.84 T 496.903+7.294p-0.12506p2 
14. 84 < P < 21.19 T 
= 511.179+5.424p-0.06357p2 
21. 19 < P < 29.48 T 526.236+4.065p-0.03277p^ 
29. 48 < P < 58.49 T 545.741+2.862p-0.01423p^ 
58. 49 < P < 108.2 T 
= 578.073+1.741p-0.004424p^ 
108. 2 < P < 165.27 T 
= 608.528+1.181p-0.001816p^ 
165. 27 < P < 283.3 T 
= 638.901+0.8257p-0.000765p 
283. 3 < P < 470.6 T 
= 676.076+0.5632p-0.000323p 
°F = T-459.6 
Deviations from the tabulated values are generally less than 0.05%. 
2. Liquid density 
The first equation was obtained from [153]; the other two were 
curve fits. These equations were derived for saturated liquid; however, 
they are also used for subcooled liquid since density changes with 
pressure are small. (T - "F; p^-lbm/ft^) 
T < 220 p = 103.555-0.07126T-0.000636T^ 
220 < T < 350 P^ = 89.583+0.04628T-0.0003099T^ 
"50 < T < 380 2 JDU i _ JOU = -65.072+0.9221T-0.00155T^ 
Deviations from the tabulated values are generally less than 0.02%. 
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3. Vapor density 
The equation of state for saturated or superheated vapor was 
obtained from Doiming [154]. Using Newton's method to find the root 
of the equation, the vapor density can be determined as a function 
of pressure and temperature. (T=°F; p-psia;v-ft^/lbm) 
0.05728T , -4.035+2.618xl0"\ . -0.0214+5x10"^! 
P —+ T + ^3 
Pv = 
°F = T-459.69 
Deviations from the tabulated values are less than 0.05% for p < 90; 
they are less than 0.5% for p < 300. 
4. Enthalpy of liquid 
These equations were obtained by subtracting the saturated vapor 
enthalpy from the heat of vaporization and then curve.fitting the results. 
(T-''F;a^-Btu/lbm) 
40 < T _< 100 8. 028+0. 1984T+0. 0001118T^ 
100 < T < 155 8. 226+0. 1942T+0. 0001337T^ 
155 < T < 200 8. 232+0. 1928T+0. 0001387T^ 
200 < T < 250 7. 979+0. 1961T+0. 0001307T^ 
250 < T < 350 4. 993+0. 2178T+0. 00009132T 
An inconsistency in the tabulated data makes the direct use of it 
questionable. 
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5. Enthalpy of vapor 
This equation is from Downing [154]: 
(T-°R;p-psia;H^-Btu/lbm) 
H = 0.07963T-K).000057951^+0.185053-2- -0.185053% 
Pv 
(4.035p^+0.0107pJ) 
°F = T-459.69 
Deviations from the tabulated values are less than 0.05% for 
p < 70; they are less than 0.9% for the rest of the pressure drop. 
6. Latent heat of vaporization 
This equation was obtained from Downing'[151] : 
(T-°R;P-psia;Hgg-Btu/lbm) 
H- = 0.185053T 
fg 
^v 
p&h(10) 
if 71 < p < 176 Hjg = Hgg +(4.66+0.085186p-0.00027547p^) 
if 176 < p < 338 Hgg = Hjg+(-2.564+0.0393949+-0.00000298p^) 
»F = T-459.6 
Deviations from the tabulated values are less than 0.05% for p < 200; 
they are less than 0.4% for the rest of the pressure range. 
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B. Thermophysical Properties 
1. Specific heat of liquid 
This equation is from [152]: 
(T=°K;c -Btu/lbm°F) 
p, *t 
c . = 0.238846(-2.68086+0.0321075T-0.000096565T^+9.99343x10" V) p,x, 
"F = 1.8T-459.67 
Deviations from the tabulated values are less than 5%. 
2. Specific heat of saturated vapor 
This equation is from [152]: 
(T-°K;Cp ^-Btu/lbm°F) 
Cp y = 0.238846(-0.101833-K).00581502T-1.70256xl0"\^+ 
1.98007xl0~®T^) 
°F= 1.8T-459.67 
Deviations from tabulated values are less than 3%. 
3. Viscosity of liquid 
These equations were obtained by curve fitting the data from [152]: 
(T-°R;k%- Ibm/hrft 
T _< 610 = 2.41909 (10.48365-0.031393T+2.443 xlO" V) 
610 •< T < 700 vi^ = 2.41909(4.137253-.00997482T+6.35ocl0"V) 
24 8 
700 j< T _< 850 = 2.41909(0.26470022+0.0087554T-
1.25xl0"^T^) 
"F = T-459.67 
Deviations from tabulated values are less than 2%. 
4. Viscosity of vapor 
This equation was obtained from [152]. 
(T-°K;Wy-.Ibm/hrft) 
= 2.41909(-0.18404+0.00154214T-4.0957xl0"V+3.6803xl0"^T^) 
"F = 1.8T-459.67 
Deviations from the tabulated values are less than 3%. 
5. Thermal conductivity of liquid 
These equations were obtained from curve fitting the. data from [152]. 
(T-°F;k^: - Btu/hrft°F) 
T _< 290 = 0.0482112-0.00006187T-lxl0"®T^) 
T X 290 = 0.0147582+0.0001609T-3.8x10"V) 
Deviations from the tabulated values are less than 0.05%. 
6. Surface tension 
This equation was obtained from [155]. 
(T=°K;p^,p^-lbm/ft^;a-lbf/ft) 
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o. = 5.382e-4a^(p. p ) 
9 *- V g-C 
= 1.781e-4(487.25-T-.9)'^ 
"F = 1.8T-459.67 
No tabulated data are given in [152]; [155] states that error is less 
than 2%. 
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XVI. APPENDIX F. TABULATION OF EXPERIMENTAL RESULTS 
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Table  F . l ,  CHF Data  for  S tra ight ,  Hor izonta l  Tube  
G ,  
Ibm/hrf t^  qjr 2 Btu / f i r f t2  
P  
ps ia  *cr  
Tes t  S f  
Ne 
397401  24644  139 .3  -0 .345  1  
399102  24375  139 .3  -0 .26  7  1  
409389  30653  134 .3  0 .141  1  
399972  36201  140 ,2  0 .167  1  
400053  33018  137 .2  0 .215  1  
390456  24354  137 .2  0 .240  1  
380852  19689  138 .2  0 .232  1  
390482  19456  138 .2  0 .167  1  
400278  32814  138 .1  0 .074  1  
409863  39044  139 .1  0 .277  1  
409747  33232  136 .2  0 .263  1  
409901  24488  137 .1  0 .199  1  
400246  20499  138 .1  0 .222  1  
419468  18757  139 .3  0 .205  1  
400257  28610  137 .2  0 .298  2  
399443  22657  135 .4  0 .244  2  
399503  18023  136 .3  0 .209  2  
399789  14310  137 .5  0 .228  2  
400166  16838  137 .  3  0 .190  2  
741706  63115  136 .2  -0 .296  1  
784212  66569  137 .2  -0 .337  1  
736827  69128  139 .3  -0 .383  1  
774535  57974  132 .9  -0 .216  1  
751122  55495  139 .1  -0 .299  1  
758276  57814  134 .3  -0 .237  1  
775041  44217  134 .3  -0 .164  1  
769471  50855  132 .3  -0 .14  3  1  
767129  50844  137 .  3  -0 .165  1  
767638  52147  137 .2  -0 .163  1  
793289  69208  138 .5  -0 .28  2  1  
784350  60802  138 .5  -0 .290  1  
781611  45507  138 .3  -0 .215  1  
772304  38121  138 .4  0 .156  2  
772801  29491  132 .3  0 .161  2  
763782  22703  136 .3  0 .174  2  
764322  17929  138 .3  0 .209  2  
783363  19441  135 .3  0 .243  2  
783756  17332  138 .3  0 .265  2  
78  3554  41783  138 .4  0 .094  2  
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Table  F . l .  (Cont inued)  
G ,  Qcr  o P *cr  Tes t  S< 
.bm/hrf  t^  Btu /hrf t^  ps ia  N(  
1207190  70007  135 .1  -0 .150  1  
1208893  61938  136 .2  -0 .077  1  
1135522  95102  134 .5  -0 .256  1  
1174860  80485  138 .5  -0 .169  1  
1170856  52450  135 .  3  -0 .008  1  
1170291  45499  137 .6  0 .044  1  
1170033  36553  136 .6  0 .078  1  
1169304  30367  138 .6  0 .099  1  
1172159  31822  139 .5  0 .140  2  
1170985  27173  134 .8  0 .145  2  
1172335  23659  136 .8  0 .168  2  
1172015  51823  139 .4  0 .039  2  
1599711  81035  137 .1  -0 .092  1  
1598982  92702  136 .7  -0 .138  1  
1599689  112019  136 .5  -0 .190  1  
1565047  122942  135 .5  -0 .213  1  
1490001  61803  135 .4  -0 .023  1  
1485668  51454  134 .9  0 .035  1  
1489109  40323  136 .8  0 .093  1  
1488860  35961  137 .3  0 .139  1  
1485123  138063  134 .1  -0 .235  1  
1492932  60417  139 .6  -0 .004  2  
1495188  44804  139 .3  0 .068  2  
1494820  34790  138 .1  0 .105  2  
1494882  28544  141 .6  0 .140  2  
1494595  22112  139 .0  0 .158  2  
2131034  161671  137 .7  -0 .231  1  
2174455  139419  136 .7  -0 .171  1  
2172241  118812  138 .6  -0 .140  1  
2206469  113588  137 .8  -0 .116  1  
2094784  76301  135 .5  -0 .048  1  
2095370  65342  136 .6  -0 .017  1  
2093992  52488  137 .5  0 .034  1  
2094080  41853  136 .4  0 .090  1  
2132402  95358  135 .7  -0 .098  1  
2052116  185276  135 .1  -0 .26  2  1  
2098697  48352  141 .2  0 .045  2  
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Table F.l. (Continued) 
G - qgr o P Xnr Test Section 
Ibm/hrft^ Btu/hrft^ psia No. 
2066026 38402 141.0  0 .100 2  
2064374 29378 139.6  0 .165 2  
2865654 172142 136.8  -0 .188 
2899459 132055 138.7  -0 .101 
2829213 222942 137.7  -0 .361 
2810547 184715 136.9  -0 .226 
2812816 138017 136.7  -0 .143 
2830712 84991 136.3  -0 .049 2 
2831520 63917 142.1  -0 .018 2 
2838523 42093 140.0  0 .063 2 
3972471 147871 137.8  -0 .124 1  
3972979 180155 140.6  -0 .159 1  
4010820 208992 138.8  -0 .195 1  
4019647 248474 138.7  -0 .267 1  
3908087 113624 136.7  -0 .  081 2  
3908197 84692 138.6  -0 .044 2 
3869785 66727 140.2  -0 .0  08 2  
Table F.2. CHF Data for Unplated 
G Qcr 9  P *cr  Locat ion 
Ibm/hrft^ Btu/nrft"^ ps ia  deg 
438 308 42639 137.  7  0 .322 0 
438350 36569 137.  7  0 .347 G 
438332 34621 136.  8  0 .437 0 
438362 31172 135.  3  0 .499 0 
438 368 30278 135.  4  0 .576 0 
438362 28642 136.  0  0 .782 0  
438350 26856 136.  5  0 .833 0 
623821 59103 135.  7  0 .411 0 
618807 55747 135.  7  0 .497 0 
618838 52391 136.  2  0 .550 0  
618737 51365 135.  3  0 .671 0 
618695 47760 137.  4  0 .705 0 
617635 43797 136.  4  0 .786 0  
628846 56623 136.  4  -0 .351 0 
628855 48877 137.  4  -0 .276 0 
618720 44598 136.  4  -0 .197 0 
628708 42690 139.  4  -0 .177 0 
788878 69513 136.  0  0 .284 270 
788672 67310 137.  6  0 .336 270 
788618 63934 137.  9  0 .518 270 
788520 60667 136.  5  0 .597 270 
788846 53109 134.  5  0 .653 270 
788433 49995 137.  9  0 .764 270 
790252 67827 133.  5  -0 .326 0 
790176 62152 138.  5  -0 .304 0 
790230 58968 139.  5  -0 .254 0 
.125 in. Diameter Coil 
44718 42639 3  
38352 36569 3  
36309 34621 3  
32692 31172 3  
31754 30278 3  
30039 28642 3  
28165 26856 3  
61985 59103 3  
58465 55747 3  
54946 52391 3  
53870 51365 3  
50089 47760 3  
45933 43797 3  
59384 56623 4  
51260 48877 4  
46773 44598 4  
44772 42690 4  
69513 66281 3  
67310 64181 3  
63934 60962 3  
60667 57846 3  
53109 50640 3  
49995 47671 3  
71134 67827 4  
65183 62152 4  
61843 58968 4  
Table F.2. (Continued) 
G qg.r  _  P  Xgr Locat ion <3max n  ^âva i  Test  Sect ion 
Ibm/hrft^ Btu/Srft^ ps ia  deg Btu/^rft^ Btu^K?ft^ No.  
790166 52866 136.5 -0.193 0 55444 52866 4 
790219 49184 137.5 -0.152 0 51582 49184 4 
1187436 69413 137.2 0.405 270 69413 66186 3 
1187782 62996 138.2 0.461 270 62996 60067 3 
1187403 55423 137.8 0.532 270 55423 52846 3 
1186956 51102 138.4 0.600 270 51102 48726 3 
1188935 73489 136.1 0.313 270 73489 70072 3 
1187584 75848 137.5 0.208 270 75848 72322 3 
1193131 86285 136.5 -0.250 270 86285 82273 3 
1190787 104643 136.5 -0.378 270 104643 99778 4 
1190869 92723 135.5 -0.327 270 92723 88412 4 
1564148 88621 137.1 -0.250 270 88621 84501 3 
1564083 83364 134.6 -0.199 270 83364 79488 3 
1563650 78934 138.5 -0.150 270 78934 75264 3 
1565421 74126 138.2 0.231 270 74126 70680 3 
1565464 68446 136.5 0.332 270 68446 65264 3 
1564731 62787 138.4 0.416 270 62787 59868 3 
1564688 57675 139.4 0.461 270 57675 54 994 3 
1565313 110728 136.7 -0.359 270 110728 105580 4 
2156211 107004 136.1 -0.212 270 107004 102029 3 
2156029 109103 137.1 -0.210 270 109103 104030 3 
2155574 110817 136.2 -0.225 270 110817 105665 3 
2162154 97665 136.6 -0.179 270 97665 93124 3 
2126627 87739 138.1 -0.118 270 87739 83660 3 
2161553 82559 136.5 -0.088 270 82559 78721 3 
Table F.2. (Continued) 
G _ q^r o P 
Ibm/hrft^ Btu/hrft^ ps ia  ^cr 
Location 
deg Btu%^ft2 
2162454 80453 136.7 0.115 270 80453 
2162274 74967 138.3 0.191 270 74967 
2161493 69703 138.6 0.286 270 69703 
2161704 61541 139.4 0.370 270 61541 
2162454 131869 137.9 -0.354 270 131869 
2983922 142909 138. 2 -0 .334 270 142909 
2908885 125843 136. 2 -0 .252 270 125843 
2909371 110264 138. 1 -0 .211 270 110264 
2843086 91361 138. 1 -0 .114 270 91361 
2914421 77631 139. 7 0 .117 270 77631 
4042918 181984 137. 6 -0 .383 270 181984 
4042084 163048 138. 8 -0 .322 270 163048 
4008024 140860 140. 1 -0 .236 270 140860 
4008738 113761 140. 1 -0 .164 270 113761 
4047472 88515 138. 7 -0 .065 270 88515 
4040858 80483 141. 0 0 .036 270 80483 
qayq o Test  Sect ion 
Btu/nfft^ No.  
76712 3 
71482 3 
66462 3 
58680 3 
125738 4 
136265 3 
119992 3 
105137 3 
87113 3 
74022 3 
173523 3 
155467 3 
134311 3 
108472 3 
84400 3 
76741 3 
Table F.3. CHF Data for Unplated 
0 9cr o 
Ibm/hrft^ Btu/nrft^ ps ia  
417893 28152 138.  5  
609821 45646 135.  7  
609846 48185 137.  1  
609562 50100 137.  1  
609537 43276 137.  1  
773002 53909 135.  8  
772896 57928 136.  6  
772432 65151 137.  2  
772347 56270 138.  2  
772368 48576 137.  2  
1136644 61740 138.  1  
1136628 66985 136.  5  
1136613 71829 135.  5  
1136644 77594 135.  4  
1135272 97186 135.  3  
1135210 87672 136.  7  
1493959 64034 137.  6  
1494308 73619 136.  0  
14 95311 82633 137.  9  
1493816 90394 137.  0  
1493672 85844 135.  5  
1492274 122135 137.  5  
1491449 120439 135.  4  
1491098 102789 136.  4  
Locat ion 
deg 
0  .913 0 
0  .937 270 
0  .896 270 
•0 .401 0 
0  .272 0  
0  .859 270 
0  .803 270 
0  .451 0  
0  .331 0  
0  .217 0 
0  .675 270 
0  .624 270 
0  .566 270 
0  .481 270 
0  .441 270 
0  .325 270 
0  .547 270 
0  .489 270 
0  .414 270 
0  .216 270 
0  .159 270 
0  .466 270 
0  .482 270 
0  .359 270 
.5 in. Diameter Coil 
30851 28152 6  
45646 41653 6  
48185 43970 6  
54903 50100 8  
47424 43276 8  
53909 49193 6  
57928 52861 6  
71396 65151 8  
61664 56270 8  
53232 48576 8  
61740 56339 5  
66985 61126 5  
71829 65546 5  
77594 70806 5  
97186 88685 8  
87672 80003 8  
64034 58433 6  
73619 67179 6  
82633 75405 6  
90394 82487 6  
85844 78 335 6  
122135 111451 7  
120439 10 9904 7  
102789 93798 7 
Table F.3. (Continued) 
G q^r o  P Xcr Locat ion <ïmax i  qâva o  Test  Sect ion 
Ibm/hrft^ Btu/Srft^ psia  deg Btu/^êrft^ Btu^^ft^ No.  
1490291 85844 136.4 -0.241 270 85844 78335 7 
2060021 109522 136.7 -0.316 270 109522 99942 6 
2059906 98610 137.6 -0.273 270 98610 89984 6 
2058812 92607 135.6 -0.185 270 92607 84506 6 
2058177 87255 136.6 -0.140 270 87255 79622 6 
2060337 71882 138.3 0.400 270 71882 65594 6 
2059532 80295 137.3 0.339 270 80295 73271 6 
2060308 89187 135.2 0.254 270 89187 81385 6 
2059675 135935 136.1 -0.492 270 135935 124044 7 
2058984 128215 137.2 -0.443 270 128215 116999 7 
2853708 128797 137.0 -0.375 270 128797 117531 6 
2852579 115747 136.0 -0.331 270 115747 105622 6 
2854622 101874 135.0 -0.217 270 101874 92963 6 
2853837 92617 139.0 -0.116 270 92617 84515 6 
2853719 88508 138.0 —0.068 270 88508 80766 6 
3968570 147249 139.4 -0.388 270 147249 134368 6 
3968796 130927 136.9 -0.316 270 130927 119474 6 
3972640 109490 137.4 -0.206 270 109490 99912 6 
3975908 92721 138.5 -0.136 270 92721 84610 6 
3975571 82308 139.5 -0.023 270 82308 75108 6 
Table F.4. CHF Data for Unplated 
G _ qcr  o  P 
Ibm/hrft^ Btu/hrft^ psia  
418155 25134 137.  8  
418098 30646 136.  1  
418115 32932 134.  1  
418121 34109 136.  1  
417534 31163 139.  6  
417515 26889 137.  6  
417487 22067 136.  6  
417452 19469 137.  6  
417441 17220 138.  6  
609262 47625 136.  6  
609320 51691 136.  2  
609412 55613 136.  2  
609312 60413 135.  2  
609396 47049 138.  0  
609396 42475 136.  6  
609337 36780 138.  5  
609162 31607 135.  5  
771839 60890 136.  4  
772273 64 27 5  136.  9  
771478 71347 135.  4  
771679 72743 137.  3  
771669 76175 137.  3  
771743 78752 134.  8  
772198 70970 137.  6  
772305 65930 136.  6  
772231 60840 137.  5  
Xf ,r  Locat ion 
deg 
0  .823 0 
0  .874 0 
0  .855 0  
0  .779 0  
-0  .499 0  
-0  .413 0 
-0  .302 0  
-0  .203 0 
-0  .125 0  
0  .899 270 
0  .857 270 
0  .839 270 
0  .816 270 
-0  .413 0 
-0  .337 0  
-0  .264 0  
-0  .183 0  
0  .928 270 
0  .830 270 
0  .824 270 
0  .755 270 
0  .732 270 
0  .702 27 0  
-0  .429 270 
-0  .344 270 
-0  .252 270 
.625 in. Diameter Coil 
Bt3^?ft2 Btfet2 section 
29796 25134 9  
36331 30646 9  
39041 32932 9  
40436 34109 9  
36944 31163 11 
31877 26889 11 
26160 22067 11 
23080 19469 11 
20414 17220 11 
47625 40173 9  
51691 43603 9  
55613 46911 9  
60413 50960 9  
55777 47049 11 
50354 42475 11 
43603 36780 11 
37470 31607 11 
60890 51362 9  
64275 54218 9  
71347 60183 9  
72743 61361 9  
76175 64256 9  
78752 66429 9  
70970 59865 11 
65930 55614 11 
60840 51320 11 
Table F.4. (Continued) 
Ibm/hrft^ Btu/Srft^ psia 
772231 53404 137.  5  
1137730 67547 136.  8  
1137931 75129 132.  7  
1137916 83585 134.  6  
1137916 87869 135.  5  
1133926 99884 136.  2  
1133424 90567 136.  1  
1132858 80203 136.  1  
1135288 75236 139.  1  
1495863 73301 138.  4  
1495822 79154 137.  5  
1495863 85257 136.  9  
1495985 90615 136.  8  
149204 7  98190 136.  7  
149144 9  89373 135.  3  
1490932 83084 136.  7  
1492377 72509 135.  6  
2065912 96060 136.  1  
2065429 89795 135.  6  
2065115 86489 136.  1  
2066538 84498 138.  5  
2066254 91348 135.  4  
2059301 106145 137.  9  
2064887 81697 135.  9  
Xcr Location q" q" g Test Section 
deg Btu/Hrft2 Btu/hff t^ No. 
0.224 270 53404 45048 11 
0 .725 270 67547 56978 9  
0 .669 270 75129 63373 9  
0 .557 270 83585 70506 9  
0 .518 270 8  78 69 74120 9  
0 .421 270 99884 84255 10 
•0 .324 270 90567 76396 10 
0 .245 270 80203 67653 10 
•0 .20 5  270 75236 63464 11 
0 .562 270 73301 61831 9  
0 .525 270 79154 66768 9  
0 .480 270 85257 71916 9  
0 .424 270 90615 76436 9  
0 .488 270 98190 82826 11 
0 .384 270 89373 75388 11 
0 .282 270 83084 70084 11 
0 .138 270 72509 61163 11 
0 .344 270 96060 81029 9  
0 .270 270 89795 75744 9  
0 .204 270 86489 72956 9  
0 .408 270 84498 71276 9  
0 .366 270 91348 7  70 54 9  
0 .491 270 106145 89536 11 
0 .155 270 81697 68914 11 
Table F.4. (Continued) 
G q^r o  P *cr  Locat ion Çfmax o  ^ava o Test  Sect ion 
Ibm/hrft^ Btu/Srft^ ps ia  deg Btu^^rft^ Btu^^Fft^ No.  
2846694 115706 136.5 -0.4 27 270 115706 97601 9 
2849780 103337 138.5 —0.384 270 103387 87210 9 
2852028 87255 137.9 -0.251 270 87255 73602 9 
2851004 83980 138.0 -0.188 270 83980 70839 9 
2838763 122043 135.3 -0.459 270 122043 102946 10 
3987439 155760 137.8 -0.548 270 155760 131388 9 
3984763 139009 138.8 -0.474 270 139009 117258 9 
3912760 122144 138.7 -0.420 270 122144 10 30 32 9 
3917630 103286 137.7 -0.305 270 103286 87124 9 
3916647 88748 138.8 -0.236 270 88748 74861 9 
3917685 79279 138.3 -0.121 270 79279 66874 9 
Table F.5. CHF Data for Plated 16.125 in. Diameter Coil 
G q" P Xçj .  Locat ion ' ïmax o  Qayq o  Test  Sect ion 
Ibin/hrft^ Btu/Srft^ psia  deg Btu^Rrft^ Btu^K?ft^ No.  
438063 28932 136.2 0.808 0 35528 28932 13 
438093 31584 138.2 0.716 0 38785 31584 13 
438087 31173 136.2 0.553 0 38280 31173 13 
619059 42836 138.2 0.910 0 52603 42836 13 
619025 46495 136.2 0.831 0 57096 46495 13 
619084 49411 137.3 0.755 0 60677 49411 13 
619118 53768 134.3 0.684 0 66027 53768 13 
619557 56135 136.4 -0.338 0 69495 56135 14 
619515 47388 138.4 -0.244 0 58666 47388 14 
629619 46278 136.4 -0.184 0 57292 46278 14 
789582 46313 137.5 0.717 270 63750 51914 13 
789701 50369 135.4 0.643 270 69333 56460 13 
789777 54552 137.3 0.570 270 75091 61149 13 
789950 41517 136.4 0.763 270 57149 46538 13 
789917 57970 138.3 0.472 270 79795 64980 13 
800680 80294 135.5 -0.346 0 99404 80294 14 
790618 65856 138.4 -0.269 0 81530 65856 14 
790650 62107 138.4 -0.200 0 76888 62107 14 
790661 61258 138.5 -0.154 0 75837 61258 14 
1190280 46635 138.8 0.590 270 64194 52275 13 
1189985 55814 136.7 0.491 270 76827 62563 13 
1190018 61040 135.6 0.407 270 84021 68421 13 
1189854 64637 136.5 0.278 270 88972 72453 13 
1192206 106519 135.5 -0.303 270 148914 120286 14 
1192189 93478 135.5 -0.238 270 130682 105559 14 
14 
14 
13 
13 
13 
13 
13 
14 
14 
14 
13 
13 
13 
13 
13 
13 
14 
14 
13 
13 
13 
13 
13 
14 
14 
Table F.5. (Continued) 
qçr ? P 
Btu/nrft^ psia  
86438 136. 5 -0 .147 
79381 137. 5 -0 .093 
85835 136. 0 0 .053 
74213 137. 6 0 .128 
65478 138. 7 0 .226 
57977 138. 0 0 .381 
52812 137. 3 0 .454 
139069 136. 6 -0 .330 
119669 136. 6 -0 .237 
100039 136. 6 -0 .152 
109691 137. 5 -0 .202 
96271 136. 5 -0 .098 
84988 135. 9 0 .056 
72926 135. 0 0 .120 
63942 137. 3 0 .256 
60218 136. 6 G .329 
169857 135. 9 -0 .383 
142985 138. 0 -0 .330 
136395 135. 9 -0 .244 
115669 138. 9 -0 .164 
96213 139. 0 -0 .050 
83053 137. 8 0 .085 
71546 138. 1 0 .159 
186818 137. 4 -0 .361 
169535 136. 2 -0 .315 
120840 97609 
110974 89640 
118152 96215 
102154 83187 
90130 73396 
79805 64988 
72696 59199 
194418 157042 
167297 135135 
139854 112968 
150990 122956 
132517 107913 
116987 95266 
100383 81745 
88016 71674 
82890 67500 
237461 191810 
199892 161464 
187748 152889 
159219 129657 
132437 107848 
114322 93096 
98483 80198 
261172 210963 
237010 191446 
Locati  
deg 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
Table F.5. (Continued) 
G <3cr o  P *cr  Locat ion q" ^ g" Test  Sect ion 
Ibm/hrft^ Btu/nrft^ psia  deg Btu/nrft^ Btu/nrft^ No.  
4029424 180490 135.8 -0.316 270 248444 202316 13 
4028917 151320 135.7 -0.234 270 208292 169619 13 
4035044 122832 135.9 -0.152 270 1690 78 137686 13 
3959675 95266 136.7 -0.048 270 131133 106786 13 
4037899 88507 136.9 0.019 270 121830 99210 13 
Table F.6. CHF Data for Plated 8. 
G _ q^r , P 
Ibm/hrft^ Btu/nrft^ psia  
398678 46941 138 .3 
398667 45746 135 .4 
398684 43864 137 .4 
609929 45733 136 .6 
610020 43403 138 .1 
610020 40591 136 .7 
609962 36886 137 .7 
609929 34923 136 .8 
609879 67985 137 .5 
773149 51923 136 .2 
772960 48086 136 .8 
773034 44826 137 .9 
773128 41119 137 .0 
773192 36980 136 .1 
773044 34843 140 .1 
772156 92075 136 .5 
11366 28 65573 136 .2 
1136644 58585 138 .2 
1136550 54582 138 .0 
1136877 49023 139 .3 
1136768 44133 138 .6 
1136830 38561 141 .0 
1134756 89838 137 .5 
1137202 85099 137 .5 
1492624 79310 137 .0 
Location 
deg 
0 .634 0 
0 .758 0 
0 .833 0 
0 .519 270 
0 .613 270 
0 .726 270 
0 .795 270 
0 .882 270 
0 .222 0 
0 .339 270 
0 .469 270 
0 .567 270 
0 .667 270 
0 .761 270 
0 .801 270 
0 .167 0 
0 .102 270 
0 .222 270 
0 .300 270 
0 .424 270 
0 .531 270 
0 .619 270 
0 .188 270 
0 .153 270 
0 .082 270 
in. Diameter Coil 
Bt%^ft2 Bt?%?ft2 Nof 
71867 46941 16 
70037 45746 16 
67156 43864 16 
100751 65807 16 
95617 62454 16 
89421 58407 16 
81261 53077 16 
76934 50251 16 
103405 67985 20 
114386 74713 16 
105934 69193 16 
98753 64502 16 
90586 59168 16 
81468 53212 16 
76758 50136 16 
139494 92075 19 
14 4458 94355 16 
12 9062 84299 16 
120243 78539 16 
107997 70540 16 
97225 63504 16 
84951 55487 16 
206807 132739 17 
181345 120096 18 
173133 113530 15 
Table F.6. (Continued) 
G qër o P *cr  Locat ion *3max *3ava i  Test  Sect ion 
Ibm/hrft^ Btu/Srft^ psia  deg Btu/^Ërft^ Btu^K?ft^ No,  
1493918 73362 137. 3 0. 105 270 161617 10 5563 16 
1493980 65975 139. 3 0. 150 270 145342 94933 16 
1494308 56424 140. 2 0. 291 270 124302 81190 16 
1494328 60337 138. 2 0. 243 270 132921 86820 16 
1494103 48320 140. 8 0. 450 270 106449 69529 16 
1494574 44002 138. 6 0. 508 270 96937 63316 16 
1494472 52972 139. 6 0. 379 270 116697 76223 16 
2066083 90373 136. 5 -0. 196 270 199093 130041 16 
2065656 83165 138. 9 -0. 061 270 183212 119668 16 
2066680 69932 137. 2 0. 095 270 154060 100627 16 
2066736 59952 140. 5 0. 210 270 132073 86266 16 
2064089 55976 136. 2 0. 293 270 123314 80545 16 
2067957 47383 138. 0 0. 394 270 104385 68181 16 
2852894 103321 135.5 -0.264 270 227615 148671 16 
2852382 79039 138.6 -0.202 270 174122 113731 16 
2853405 81762 138.0 -0.064 270 180122 117650 16 
2352894 71480 140.3 0.115 270 157469 102854 16 
2854348 65326 142.0 0.180 270 14 3914 94000 16 
3991441 135143 141.5 -0.366 270 297720 194461 16 
3996698 114984 142.0 -0.261 270 253310 165454 16 
3995096 95804 141.8 -0.155 270 211056 137855 16 
3995925 80739 143.3 -0.061 270 177869 116178 16 
3996864 76850 143.0 -0.068 270 169301 110582 16 
Table F.7. CHF Data for Plated 4.625 in. Diameter Coil 
G _ Ocr 3  P .  *cr  Locat ion ^ g" Test  Sect ion 
Ibm/hrft^ Btu/Srft^ psia  deg Btu/f irf t^ Btu^K?ft^ No.  
417916 29655 136.4 0.991 0 40983 29655 22 
417927 34874 137.4 0.980 0 48196 34874 22 
417938 38779 136.4 0.962 0 53593 38779 22 
427297 37664 138.2 -0.352 0 53182 37664 23 
422460 35473 138.2 -0.288 0 50088 35473 23 
422474 35241 137.2 -0.217 0 49760 35241 23 
609962 39562 136.5 0.965 270 60569 43827 22 
609979 43257 138.5 0.933 270 66227 47921 22 
609962 47300 137.5 0.922 270 72417 52400 22 
609604 52466 138.2 -0.301 270 83578 59191 23 
609571 48862 137.2 -0.245 270 77838 55126 23 
609562 48644 137.2 -0.196 270 77491 54880 23 
773076 55865 135.6 0.900 270 85529 61888 22 
773086 58935 136.6 0.839 270 90229 65289 22 
773076 62624 136.7 0.781 270 95878 69376 22 
772347 65706 134.3 -0.284 270 104670 74129 23 
772379 63021 135.3 -0.271 270 100393 71100 23 
1136052 58957 137.0 0.729 270 90263 65313 22 
1135834 62399 137.0 0.678 270 95534 69127 22 
1136177 65747 138.0 0.598 270 100658 72835 22 
1136208 71213 138.9 0.555 270 109027 78891 22 
1135069 83832 136.3 -0.394 270 133544 94578 23 
1134772 77811 137.3 -0.324 270 123952 87785 23 
1134428 72754 135.3 -0.243 270 115897 82080 23 
1134412 68378 135.3 -0.189 270 108926 77143 23 
Table F.7. (Continued) 
Ibm/hrft^ Btu/Hrft^ 
P 
psia 
»cr Location 
deg Btu%rf t^ Btu ?K?ft-
Test Section 
No. 
1495413 72884 137.5  -0 .277 270 111585 80742 22 
1495229 68642 135.5  -0 .203 270 105091 76043 22 
1494718 61996 139.2  0 .578 270 94916 68680 22 
1494021 72577 137.4  0 .522 270 111116 80402 22 
1494513 79556 139.2  0 .447 270 121800 88133 22 
1490560 90939 136.3  -0 .428 270 14 4866 102596 23 
1490436 84654 137.4  -0 .368 270 134853 95505 23 
2066879 86125 138.7  -0 .390 270 131857 95410 22 
2066538 77520 137.7  -0 .306 270 118683 85878 22 
2067390 73405 135.7  -0 .176 270 112383 81319 22 
2847170 100748 137.0  -0 .479 270 154245 111610 22 
2848516 84834 137.1  -0 .388 270 129880 93980 22 
2850333 73052 138.1  -0 .256 270 111842 80928 22 
2851555 75200 136.1  -0 .143 270 115132 83308 22 
3985935 117838 138.7  -0 .485 270 180410 130543 22 
3989164 97983 138.6  -0 .403 270 150012 108547 22 
3918722 80305 138.7  -0 .31? 270 122947 88963 22 
3993048 68089 139.8  -0 .151 270 104244 75430 22 
269 
XVII. APPENDIX G. SAMPLE CALCULATIONS 
An example of the procedure used to calculate the prUnary 
variables of interest (quality, heat flux, and mass velocity) 
is detailed below. Since the estimated pressure profile calcula­
tion is quite involved, only the final result is given. Test Run 
No. 3, Station No. 14, from August 10, 1979 is typical of the 
tests and is used for the example. This test was with a plated, 
8.5 in. coil (Test Section No. 16). The procedure is the same as 
for the unplated tube. 
The raw data are as follows: 
Test section voltage drop 36.771V 
Shunt voltage drop 6.555 mv 
Flow meter reading (large flowmeter) 15% 
Inlet fluid thermocouple reading 3.162 mv 
Flowmeter fluid thermocouple reading 0.740 mv 
Pressure at Station No. 14 137.8 psia 
Heated length 48 in. 
Length to Station No. 14 47 in. 
Coil diameter 8.5 in. 
Tube inside diameter 0.300 in. 
Tube wall thickness 0.006 in. 
Nickel thickness (at 90°) 0.006 in. 
The fluid temperatures were obtained from the corresponding 
thermocouple voltages using a curve fit of the data in NBS Circular 
561. The data fit best using five equations, each covering a 
portion of the range from 32°F to 510°F. For the ranges of interest, 
if TC voltage < 1.494 mv 
T = 32+46.801V-1.4074V2+0.07806V^-0.007394V^ 
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If TC voltage < 3.941 mv 
T = 33.43+A4.4884V-0.07422V^-0.2539V^+0.02873V^ 
Therefore, 
T^^ = 168.2°F and T^^ = 65.9°F 
The mass flow rate is determined by the equation in Appendix C. 
(0.4685X-K).399)p„ 
m = Sdii 
7;0406P^_113 
501.60-0.9994pg_ii2 
Evaluating the liquid R-113 density 
= 103.555-0.07126T-0.0000636T^ 
p^ = 103.555-0.07126(65.9)-0.0000636(65.9)2 
p^ = 98.58lbm/ft^ 
Hence, 
^ ^  (0.4685x1540.399)98.58 
\r 
7.0406x98.58 
501.60-0.9994x98.58 
m = 557.91bm/hr 
Therefore, 
4m 4x557.9 
G 
ird^ mx(0.3/12)2 
G = 1136550 Ibm/hrftZ 
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The quality is calculated by 
% 
The energy transferred to the fluid up to Station #14 is 
3.4122VIL q 
The current is 
S 
I = 30.0 —^^(6.555niv) 
mv 
I = 196.65 amps 
Which leads to 
3.4122x36.771x196.65x47 
q 
q = 24160 Btu/hr 
The fluid thermodynamic properties are evaluated from the equations 
in Appendix E. For the saturation temperature 
Tg^^ = 608.53+1.181p-0.001816p^ 
= 608.53+1.181(137.8)-0.001816(137.8)% 
T ^ = 736.4°R = 276.8°F 
sat 
The heat of vaporization uses the saturation pressure temperature 
and the liquid and vapor densities. For the liquid density 
=» 89.583+0.04628(276.8)+0.0003099(276.8)2 
= 78.65lbm/ft^ 
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For the vapor density, the equation listed in Appendix E 
must be iterated. For brevity, that will not be shown. Therefore, 
= 4.0671bm/ft^ 
This leads to 
= 0.185053(276.8+459.6)^-^ " 78^5) (137.8^X1(10) x 
4330.98 9.2635 0020539^ 
(276.8+459.6)^ (2768+459.6)Jln(lO) ^  
Hjg = 46.131 Btu/lbm 
The liquid enthalpies are based only on the fluid temperature. 
For the saturated liquid 
%sat 7.979+0.1961(276.8)+0.0001307(276.8)2 
Hfsat = 72.279Btu/lbm 
And for the inlet fluid 
= 8.323+0.1928(168.2)+0.0001387(168.2)2 
H. = 44.679Btu/lbm in 
Finally, 
44.679-72.279+24160/557.9 
* 46.131 
X = 0.340 
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The procedure outlined in Appendix B is used to determine the 
heat flux distribution. The heat flux at 270° only will be 
calculated. From Eq. B.21 
The resistivity of the stainless steel tube is given by 
Pgg = 2.599xl0"^+1.062xl0~^T+ 5.96xlO~^V 
for T < 370°F. Since the wall temperature is small (usually less 
than 6°F) the average of the outside wall temperatures were used 
to determine the tube resistivity. In this case 
T = 300.5°F 
w 
Hence, 
/ 
I 
Pgg = 2.599xl0"^+1.062xl0"^(300.5)+5.86xl0"^^(300.5)^ 
pgg = 2.972x10 ^  ohm-ft 
The area, is simply 
And 
A.„ = ir [.312^- .300^] = A,006xl0~^ft^ 
^ 4x144 
= f|- = * ft 
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The power generated in the plating is 
Pf, = ^6.771x196.65 - 36.771 x4.006x10 3.4122 
\ 2.972x10" x4 / 
Pg = 9118 Btu/hr 
and the current in the base tube is 
- 36.771x196.65-9118/3.4122 
^AB ~ 36.771 
= 123.98 amps 
The heat flux at the nickel-stainless steel interface is given by 
Eq. B.25. First the nickel thickness at 90® is needed. 
tp = 0.005+0.001sin(270) 
= 0.006 in. 
Therefore 
„ _ 9118 [ 4.25 
\ ~ _ [4.25x(.156+.006/2)8ln(90%)j 
irx4x(^) 
x#x#)+ m 
,/0.156V. 005\./.005\ 
•(—n-Kïrryïr) 
2. 
2 
qJJ = 72513 Btu/hrft^ 
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For the heat flux at the Inner surface of the tube, the current 
I._ is used in Eq. B.18 and that heat flux is added to q". 
AB ^ 
r 
„ 36.771x123.98x3.4122 4^25 
'^AB " ^^^.150^^ l4.25x(.150+.006108/2)sin(90°) 
X 
,^.150^^.0061C6| +^. 006108 j 
= 45304 Btu/hrft^ 
And finally, the total heat flux at 90® is 
q" = 45304 + 84827 
= 120717 Btu/hrft^ 
The average heat flux is 
-,i 36.771x196.65x3.4122 
= 78539 Btu/hrft? 
The resulting flux tilt is 
Snax 120717 
Cg 78539 
= 1.537 
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The heat flux at 270° is 
^ 36.771x123.98x3.4122 
2ir 
i^ } (4) 
4.25 x 
4.25x .15+ .005894 -^sln(270) 
^.15 j^.005894j +^j005894j 2, 
ufë)  mm'ï 
q" = 54305 Btu/hrft^ 
And, f inally, 
l" *max 
*mln 
120717 
54305 
= 2.223 
